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Left ventricular hypertrophy (LVH) occurs when the cardiomyocytes in the left 
ventricle become enlarged by increasing in mass in response to haemodynamic 
pressure overload.  This can either be attributed to a normal physiological response to 
exercise or can be the result of a maladaptive process or disease state, such as chronic 
hypertension.  Hypertrophic cardiomyopathy (HCM) is the most common form of 
Mendelian-inherited cardiac disease.  A defining characteristic thereof is primary 
LVH that occurs when there are no other hypertrophy-predisposing conditions 
present.  Therefore, HCM provides a unique opportunity to study the molecular 
determinants of LVH in the context of a Mendelian disorder, instead of in more 
complex disorders such as hypertension.  Over 1000 HCM-causing mutations in 19 
genes have been identified thus far, most of them encoding sarcomeric proteins 
residing in the sarcomeric C-zone.  However, for many HCM patients no 
disease-causing genes have been identified.  Moreover, studies have shown 
phenotypic variation in presentation of disease in, as well as between, families in 
which the same HCM-causing mutation segregates.  This has led many investigators 
to conclude that genetic modifiers of hypertrophy exist.   
 
The aim of the study was to identify novel plausible HCM-causing or modifier genes 
by searching for interactors of a known HCM-causing protein, namely titin.  The 
hypothesis was that genes encoding proteins, which interact with proteins that are 
encoded by known HCM-causative genes, may also be considered HCM-causing or 
may modify the HCM phenotype.  To this end, the aim was to identify novel 
interactors of the 11-domain super-repeat region of titin, which resides within the 
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sarcomeric C-zone, using yeast two-hybrid analysis.  Five putative interactors of the 
11-domain super-repeat region of titin were identified in this study.  These 
interactions were subsequently verified by colocalisation in H9C2 rat cardiomyocytes, 
providing further evidence for possible interactions between titin and these proteins.   
 
The putative interactor proteins of titin determined from the Y2H library screen were: 
filamin C (FLNC), phosphatidylethanolamine-binding protein 4 (PEBP4), heart-type 
fatty acid binding protein 3 (H-FABP3), myomesin 2 (MYOM2) and myomesin 1 
(MYOM1).   
 
The FLNC gene could be a candidate for cardiac diseases, especially 
cardiomyopathies that are associated with hypertrophy or developmental defects.  The 
putative interaction of titin and PEBP4 is speculated to be indicative of the formation 
of the interstitial fibrosis and myocyte disarray seen in HCM.  Heart-type fatty 
acid-binding protein 3 has prognostic value to predict recurrent cardiac events.  Its 
suggested interaction with titin is speculated to play a role in inhibiting its functional 
abilities.  Myomesin 2 is jointly responsible, with MYOM1, for the formation of a 
head structure on one end of the titin string that connects the Z and M bands of the 
sarcomere.  This is speculated to be linked to a developmental error with the result 
being a defect in sarcomeric structure formation, which could result in pathologies 
such as HCM.   
 
Therefore, these identified proteins could likely play a functional role in HCM due to 
their interactions with titin.  This research could thus help with new insights into the 





Linker ventrikulêre hipertrofie (LVH) ontstaan wanneer die kardiomyosiete in die 
linkerventrikel vergroot as gevolg van 'n verhoging in massa in reaksie op 
hemodinamiese drukoorlading.  Dit kan toegeskryf word aan 'n normale fisiologiese 
respons op oefening of kan die gevolg wees van 'n wanaangepaste of siektetoestand, 
soos chroniese hipertensie.  Hipertrofiese kardiomiopatie (HKM) is die mees 
algemene vorm van Mendeliese oorerflike hartsiekte.  'n Bepalende eienskap daarvan 
is primêre LVH, wat plaasvind wanneer daar geen ander hipertrofie-predisponerende 
voorwaardes teenwoordig is nie.  Gevolglik bied HKM 'n unieke geleentheid om die 
molekulêre derterminante van LVH te bestudeer, in die konteks van 'n Mendeliese 
oorerflike siekte, in plaas van om dit in die meer komplekse siektes soos hoë 
bloeddruk te bestudeer.  Meer as 1000 HKM-veroorsakende mutasies is tot dusver in 
19 gene geïdentifiseer.  Die meeste van hulle kodeer vir sarkomeriese proteïene wat in 
die C-sone voorkom.  Egter, vir baie HKM-pasiënte is geen siekte-veroorsakende 
gene al geïdentifiseer nie.  Daarbenewens het studies getoon dat variasie in fenotipiese 
aanbieding van die siekte in, sowel as tussen, families voorkom wat dieselfde 
HKM-veroorsakende mutasie het.  Dit het daartoe gelei dat baie navorsers tot die 
gevolgtrekking gekom het dat genetiese wysigers van hipertrofie wel bestaan.   
 
Die doel van die studie was om nuwe moontlike HKM-veroorsakende of 
wysiger-gene te identifiseer deur te soek vir interaktors van 'n bekende 
HKM-veroorsakende proteïen, naamlik titin.  Die hipotese was dat gene wat vir 
proteïene kodeer, wat in wisselwerking is met proteïene wat geïnkripteer word deur 
bekende HKM-veroorsakende gene, ook oorweeg kan word om HKM te veroorsaak.  
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Dit kan ook die HKM fenotipe verander.  Dus was die doel om nuwe interaktors van 
die 11-domein super-herhaalstreek van titin, soos gevind binne die sarkomeriese 
C-sone, te identifiseer deur middel van gis-twee-hibried-analise.  Vyf vermeende 
interaktors van die 11-domein super-herhaalstreek van titin is in hierdie studie 
geïdentifiseer.  Hierdie interaksies is later geverifieer met behulp van ko-lokalisering 
in H9C2-rotkardiomyosiete, wat verdere bewyse vir moontlike interaksies tussen titin 
en hierdie proteïene verskaf.   
 
Die vermeende interaktor-proteïene van titin wat bepaal is vanaf die 
gis-twee-hibried-biblioteeksifting was as volg: filamin C (FLNC), 
phosphatidylethanolamine-bindingsproteïen 4 (PEBP4), hart-tipe-vetsuur 
bindingsproteïen 3 (H-FABP3), myomesin 2 (MYOM2) en myomesin 1 (MYOM1).   
 
Die FLNC-geen kan 'n kandidaat vir kardiale siektes, veral kardiomiopatieë, wees wat 
geassosieer word met hipertrofie of ontwikkelingsafwykings.  Die vermeende 
interaksie van titin en PEBP4 dui daarop om 'n aanduiding te wees vir die vorming 
van die interstisiële fibrose en miokardiale wanorde, soos gesien in HKM.  
Hart-tipe-vetsuur bindingsproteïen 3 het prognostiese waarde om herhalende kardiale 
gebeure te voorspel.  Verder dui sy voorgestelde interaksie met titin moontlik daarop 
dat dit 'n rol kan speel in die inhibering van sy funksionele vermoëns.  Myomesin 2 
tesame met MYOM1 is verantwoordelik vir die vorming van 'n kopstruktuur aan die 
een kant van die titinstring wat dan die Z- en M-bande van die sarkomeer verbind.  
Daar word vermoed dat dit gekoppel is aan 'n ontwikkelingsfout, met die gevolg dat 
daar 'n defek is in sarkomeriese struktuurvorming, wat weer kan lei tot patologieë 
soos HKM.   
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Gevolglik kan hierdie geïdentifiseerde proteïene waarskynlik 'n funksionele rol in 
HKM speel, as gevolg van hul interaksies met titin.  Hierdie navorsing kan dus help 
om met nuwe insigte vorendag te kom in die verdere begrip van HKM se 








ACKNOWLEDGEMENTS       x 
 
LIST OF ABBREVIATIONS      xi 
 
LIST OF FIGURES        xviii 
 
LIST OF TABLES        xx 
 
1. INTRODUCTION       3 
 
2. MATERIALS AND METHODS      54 
 
3. RESULTS         91 
 
4. DISCUSSION        112 
 
APPENDIX I         139 
 
APPENDIX II        148 
 
APPENDIX III        150 
Stellenbosch University http://scholar.sun.ac.za
ix 
APPENDIX IV        151 
 






I would like to express my sincere gratitude to the following people and institutions 
that assisted me in various ways during the course of this degree:   
 
Dr Craig Kinnear and Prof Hanlie Moolman-Smook for their invaluable expertise, 
guidance, time and effort.  I am grateful to have the opportunity to work with such 
role models.   
 
Jomien Mouton for culturing the H9C2 cells used for the verification of this study.   
 
Prof Dirk Lang and Susan Cooper, Department of Human Biology, University of 
Cape Town, for their extensive help and expertise with the confocal microscope used 
in the verification of this study.   
 
Dr Ben Loos, Department of Physiology (University of Stellenbosch) for all the help 
and patience with the fluorescence microscope techniques.   
 
Lizzie, Candice, Carmen, Martmari, Carin and William for technical support with the 
yeast two-hybrid system.  The whole MAGIC lab team, especially Ilze, for emotional 
support and other assistance in times of need.  I truly enjoyed my time with all of you! 
 
A special thank you to the late Rowena Keyser for being a wonderful bench partner 
and for always being willing to answer questions that I probably should have known 
the answer to.   
 
My family and friends: My mom and dad for their incredible, unwavering support and 
belief in me.  My sister, Melvi, for understanding what nobody else could.  Matthew, 
for putting up with my idiosyncrasies and mood swings, as well as being there for me 
almost every step of the way.  Sunley, Lizette, Jane, Chandré, Elsje-Marie and Elize 
for always knowing what to say to cheer me up.  A special thanks to An-Maree Nel!   
 
Mrs Wendy Ackerman, Prof Paul van Helden, the University of Stellenbosch and the 
National Research Foundation (NRF) for their generous financial support and 
funding, enabling me to complete my studies.   
 
The Lord, for giving me both the ability and the perseverance to conquer anything.   
Stellenbosch University http://scholar.sun.ac.za
xi 
LIST OF ABBREVIATIONS 
 
α      alpha  
β      beta  
γ      gamma  
#      number  
μg      micrograms  
µm      micrometres  
µM      micromolar  
μL      microlitre  
˚C      degrees Celsius  
2D      two-dimensional  
3D      three-dimensional  
3'      three prime  
3'-UTR     3 prime untranslated region  
5'      five prime  
5'-UTR     5 prime untranslated region  
aa      amino acid  
Ade      adenine  
ADE2      Phosphoribosylaminoimidazole carboxylase gene  
ABI      Applied Biosystems Incorporated  
AD      activation domain  
ADP      adenosine diphosphate  
Amp      ampicillin  
ATP      adenosine triphosphate  
AV      atrioventricular  
Stellenbosch University http://scholar.sun.ac.za
xii 
BD      binding domain  
BLAST     Basic Local Alignment Search Tool  
BLASTn     nucleotide Basic Local Alignment Search Tool  
BLASTp     protein Basic Local Alignment Search Tool  
bp      base pair  
BP      blood pressure  
BPB      bromophenol blue  
C      cytosine  
Ca
2+
      calcium
2+
  
CaCl2      calcium chloride  
CAF      Central Analytical Facility  
cm      centimetre  
cDNA      complementary DNA  
cfu      colony forming units  
cMyBPC     cardiac myosin binding protein C  
CO2      carbon dioxide  
co-IP      co-immunoprecipitation  
DCM      dilated cardiomyopathy  
ddH2O     double distilled water  
DIC      differential interference contrast  
DMEM     Dulbecco’s modified Eagle’s medium  
DMSO     dimethyl sulfoxide  
DNA      deoxyribonucleic acid  
dNTP      deoxy-nucleotide triphosphate  
E      glutamate  
Stellenbosch University http://scholar.sun.ac.za
xiii 
ECG      Electrocardiography  
E.coli      Escherichia coli  
EDTA     ethylene-diamine-tetra-acetic acid  
F actin     filamentous actin  
FACS      fluorescence-activated cell sorting  
FATZ      γ-filamin/ABP-L, α-actinin and telethonin binding  
     protein of the Z-disk  
FLNC      filamin C  
Fn      fibronectin-like / fibronectin type  
G      guanine  
G actin     globular actin  
H
+
      hydrogen  
H2O      water  
HCM      hypertrophic cardiomyopathy  
HF      heart failure  
H-FABP3     heart-type fatty acid binding protein 3  
His      histidine  
HIS3      Imidazoleglycerolphosphate dehydratase gene  
HOPE      Heart Outcomes Prevention Evaluation  
HR      heart rate  
HRM      high resolution melt  
Ig      immunoglobulin-like  
IVS      interventricular septum  
K      lysine  
K
+
      potassium  
Stellenbosch University http://scholar.sun.ac.za
xiv 
Kan      kanamycin  
kb      Kilo bases  
kDa      Kilo Dalton  
KESTREL     kinase substrate tracking and elucidation  
L      litre  
LB      Luria-Bertani  
LBB      left bundle branch  
Leu      leucine  
LiAc      lithium acetate  
LIFE      Losartan Intervention for Endpoint reduction  
LIM      lin-11, islet-1 and mec-3  
LMM      light meromyosin  
Ltd      limited  
LV      left ventricular  
LVH      left ventricular hypertrophy  
LVM      left ventricular mass  
M      Molar  
MAPK     mitogen-activated protein kinase  
MCS      multiple cloning site  
MDa      Mega Dalton  
MEL1      Alpha-galactosidase gene  
mg      milligram  
Mg
2+ 
     magnesium
2+
 
min      minute  
mL      millilitre  
Stellenbosch University http://scholar.sun.ac.za
xv 
MLP      muscle-specific lin-11, islet-1 and mec-3 (LIM) protein  
mm      millimetre  
mM      millimolar  
mRNA     messenger ribonucleic acid  
MURF     muscle-specific ring finger  
MyBPC     myosin binding protein C  
myHCs     myosin heavy chains  
MYOM1     myomesin 1  
MYOM2     myomesin 2  
Na
+
      sodium  
NaCl      sodium chloride  
NCBI      National Centre for Biotechnology Information  
NLO      two photon laser  
ng      nanograms  
nm      nanometre  
OD      optical density  
ORF      open reading frame  
P      proline  
PBS      phosphate buffered saline  
PCI      phenol:chloroform:isoamyl alcohol  
PCR      polymerase chain reaction  
PDK1      3-phosphoinositide-dependent kinase 1  
PEBP4     phosphatidylethanolamine-binding protein 4  
PEG      polyethylene glycol  
PEVK      proline (P), glutamate (E), valine (V) and lysine (K)  
Stellenbosch University http://scholar.sun.ac.za
xvi 
Pi      inorganic phosphate  
PIPES      Piperazine-N,N'-bis(2-ethanesulfonic acid)  
PKB      protein kinase B  
PMTs      photomultiplier tubes  
QDO      quadruple dropout  
R      correlation coefficient  
RAF1-MEK     proto-oncogeneserine/threonine-protein kinase1- 
     mitogen-activated protein kinase/extracellular-signal- 
     regulated kinase 
RasGAP     RasGTPase-activating protein  
RBB      right bundle branch  
RNA      ribonucleic acid  
rpm      revolutions per minute  
RSA      Republic of South Africa  
SA      sinoatrial  
SB      sodium borate / di-sodium tetraborate-decahydrate  
SCD      sudden cardiac death  
S.cerevisiae     Saccharomyces cerevisiae  
SD      synthetic dropout  
SDS      sodium dodecyl-sulphate  
sec      second  
Ser      serine  
SH3      Src homology 3  
SNP      single nucleotide polymorphism  
SR      sarcoplasmic reticulum  
Stellenbosch University http://scholar.sun.ac.za
xvii 
T      thymine  
Ta      annealing temperature  
T-cap      titin cap / telethonin  
TDO      triple dropout  
Thr      threonine  
TK      titin kinase  
Tm      melting temperature  
Tm      tropomyosin  
Tn      troponin  
Trp      tryptophan  
TTN      titin protein  
TTN      titin gene  
U      units  
UCT      University of Cape Town  
UK      United Kingdom  
Ura      uracil  
USA      United States of America  
UV      ultra-violet  
V      valine and Volts  
W      Watts  
w/v      weight per volume  
www      World Wide Web  
X-α-Gal     X-alpha-galactosidase  
Y2H      yeast two-hybrid  
YPDA     yeast peptone dextrose adenine  
Stellenbosch University http://scholar.sun.ac.za
xviii 
LIST OF FIGURES 
 




Figure 1.1.  The cardiac conduction system.       4 
Figure 1.2.  Confocal microscopy of cardiac muscle cells.      6 
Figure 1.3.  Origins of the striations in muscle are from the arrangement 
of the myofilaments.           7 
Figure 1.4.  Electron micrograph of sections of three myofibrils in 
vertebrate striated muscle.          9 
Figure 1.5.  Schematic diagram of a sarcomere, summarizing the 
organization and locations of the main sarcomeric components.     11 
Figure 1.6.  The sliding-filament model of muscular contraction.     13 
Figure 1.7.  Schematic diagrams of the thin-filament structure.     16 
Figure 1.8.  Molecular structure of the titin filament as well as the 
location of alternative splicing sites that result in different titin isoforms.    22 
Figure 1.9.  Schematic representation of titin’s arrangement within the 
sarcomere.            25 
Figure 1.10.  Models of titin’s functioning.        29 
Figure 1.11.  Models of the Z-line’s structure.       31 
Figure 1.12.  Schematic diagrams indicating the intermediate filaments.    33 
Figure 1.13.  Transverse section of muscle in the M-line region (×125000).   37 
Figure 1.14.  M-line models.         38 
Stellenbosch University http://scholar.sun.ac.za
xix 




Figure 2.1.  Normal transcription.         56 
Figure 2.2.  The principle of Y2H.         56 




Figure 3.1.  Linear growth curves of untransformed S.cerevisiae AH109 
strain transformed with either non-recombinant pGBKT7 or pGBKT7-TTN 
bait constructs.           93 
Figure 3.2.  Confocal imaging of titin and FLNC.       102 
Figure 3.3.  Confocal imaging of titin and PEBP4.       103 
Figure 3.4.  Confocal imaging of titin and H-FABP3.      104 
Figure 3.5.  Confocal imaging of titin and MYOM2.      105 




LIST OF TABLES 
 




Table 2.1.  Primer sequences and annealing temperatures used in the 
construct design and amplification of the inserts from cloning vectors.    60 
Table 2.2.  Phenotypic assessment of the untransformed S.cerevisiae 
strains, grown on specific SD selection media.       72 
Table 2.3.  Test for autonomous reporter gene activation by the 
pGBKT7-TTN bait construct.         73 
Table 2.4.  Mating efficiency test of S.cerevisiae AH109 (pGBKT7-TTN).   75 
Table 2.5.  Antibody properties of the primary bait and prey antibodies 
used during the colocalisation analysis.        85 
Table 2.6.  Excitation and emission spectra of the secondary antibodies 




Table 3.1.  Mating efficiency of AH109 pGBKT7-TTN as determined 
by growth of colonies on selection media.        94 
Table 3.2.  Mating efficiency of library mating (pACT2 heart cDNA in 




Table 3.3.  Activation of the HIS3 & ADE2 and MEL1 reporter genes 
by prey-TTN interactions.          98 
Table 3.4.  Identification of plausible TTN interacting clones from the 
Y2H screen.            100 
Table 3.5.  Colocalisation of titin and FLNC.       107 
Table 3.6.  Colocalisation of titin and PEBP4.       107 
Table 3.7.  Colocalisation of titin and H-FABP3.       108 
Table 3.8.  Colocalisation of titin and MYOM2.       108 












1.1 PREFACE: THE HEART       3 
1.1.1 Impulse propagation throughout the heart    3 
1.1.2 The cardiac muscle cell (cardiomyocyte)     5 
 
1.2 STRUCTURE AND FUNCTION OF MUSCLE FIBRES  6 
 
1.3 THE CARDIAC SARCOMERE      10 
1.3.1 Molecular composition and functions of sarcomeres   10 
 
1.4 CONTRACTION OF MUSCLES      12 
1.4.1 The cross-bridge cycle       14 
 
1.5 THE THIN FILAMENT       15 
1.5.1 The Z line         18 
1.5.1.1 Composition of the Z line       18 
1.5.2 Titin filaments        19 
1.5.2.1 Molecular structure, interactions and organization of titin filaments 21 
1.5.2.2 Function of titin in myofibrillogenesis     26 
Stellenbosch University http://scholar.sun.ac.za
2 
1.5.2.3 Mechanical function of titin       28 
1.5.3 Model of the Z line        30 
 
1.6 INTERMEDIATE FILAMENTS      32 
 
1.7 THE THICK FILAMENT       35 
1.7.1 The M line         35 
1.7.1.1 Structure of the M line       35 
1.7.1.2 Protein components and interactions of the M line   39 
1.7.2 Model of the M line        41 
1.7.3 Function of the M line       41 
 
1.8 LEFT VENTRICULAR HYPERTROPHY    42 
 
1.9 HYPERTROPHIC CARDIOMYOPATHY    44 
 





CHAPTER 1: INTRODUCTION 
 
1.1 PREFACE: THE HEART 
 
The heart, once thought to contain the soul of mankind, is no longer seen as some 
mystical life-force not meant to be understood.  In the past the heart was seen as the 
emotional, spiritual, moral and intellectual core of humanity; believed to 
accommodate the mind, it is often still used to represent love.  The human heart is in 
fact essentially a giant pump, used to transfer both oxygenated blood coming from the 
lungs to the various parts of the body (organs, tissues and cells) as well as 
deoxygenated blood from the body back to the lungs.  During normal functioning, the 
pump system operates in a basically uninterrupted cycle throughout a human’s life.  It 
is only when there is a disturbance in this cycle that the human body no longer 
functions as expected.  This study aims to shed some light on some of the many 
molecular mechanisms involved in cardiac contractility.   
 
1.1.1 Impulse propagation throughout the heart 
 
The heart is the first organ that develops in a foetus (Woodcock and Matkovich, 
2005).  During normal contraction, action potentials (electrical impulses) are spread 
systematically throughout the heart (Figure 1.1).  This electrical excitation spreads in 
a wave-like manner along the plasma membranes of each adjacent cardiomyocyte 
(heart muscle cell), triggering the release of calcium.  The sarcoplasmic reticulum, an 
intracellular membrane-bound compartment, releases the calcium and this stimulates 




Figure 1.1.  The cardiac conduction system.  Yellow arrows indicate how an 
electrical impulse is conducted through the heart.  [Adapted from 
www.pharmacology2000.com].   
 
An electrical signal is initiated in the sinoatrial (SA) node (Figure 1.1) of the heart.  
The SA node is made up of fast autorhythmic (contractile) tissue and is found in the 
right atrium (Gaussin, 2004).  An action potential is conducted through the atriums 
from right to left and superior to inferior, causing each contraction to be propagated 
downwards towards the ventricles.  However, a thick non-conductive connective 
tissue septum prevents the electrical impulse from spreading directly to the ventricles.  
This causes a delay, as the impulse must pass through the atrioventricular (AV) node 
(Figure 1.1), found at the junction of the atria and ventricles.  The electrical impulse 
is once again conducted rapidly along the AV bundle (bundle of His), separating into 
a left bundle branch (LBB) and right bundle branch (RBB) so as to excite the 
ventricles (Figure 1.1).  The electrical signal is propagated by means of Purkinje 
fibres (Figure 1.1), to both left and right, throughout the cardiac muscles cells of the 
ventricles, ending at the apex (Gaussin, 2004).  This results in a contractile wave 
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moving up through the ventricles and causing blood to be pumped into the pulmonary 
artery and the aorta.  Electrocardiography (ECG) is a way to observe the conduction 
of an action potential through the heart, as well as to detect any disturbances thereof 
(Severs, 2000).   
 
1.1.2 The cardiac muscle cell (cardiomyocyte) 
 
The cardiac muscle is a unique muscle in composition as well as in function.  It is 
capable of contracting on its own in the presence of an electrical impulse (Severs, 
2000).  The cardiac muscle cell or cardiomyocyte is elongated with the dimensions of 
100 to 150μm in length and 20 to 35μm in width (Severs, 2000).  The contractile 
myofilaments - including actin, myosin as well as associated proteins - form striated 
myofibrils that make up the cardiomyocytes (Figure 1.2A) (Severs, 2000).  The 
myocytes are joined to each other at intercalated disks which form blunt ends (Figure 





Figure 1.2.  Confocal microscopy of cardiac muscle cells.  (A) A single ventricular 
myocyte.  The myofibrils are seen as striations.  (B) A section of cardiac muscle.  
Numerous cells like that in panel (A) are joined together at intercalated disks (id).  
[Taken and adapted from Severs, 2000].   
 
1.2 STRUCTURE AND FUNCTION OF MUSCLE FIBRES 
 
Vertebrate striated muscle fibres are single, multinucleate, membrane-bound cells, 
about 10 to 100μm in diameter and a number of centimetres long (Huxley, 1953a).  
When viewed under the light microscope, they show a pattern of transverse stripes 
which are indicative of the thick and thin filaments and how they are arranged in 
relation to one another (Figure 1.3A) (Huxley, 1953a).  The fibres are filled with 
myofibrils (Figure 1.3B) of approximately one to three micrometres in diameter and 
enveloped by a sarcoplasmic reticulum (SR) membrane parallel to the fibre axis 
(Huxley, 1953a).  The fibrils are striated which thus creates the striated appearance of 





Figure 1.3.  Origins of the striations in muscle are from the arrangement of the 
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myofilaments.  (A) A single muscle fibre with three protruding myofibrils.  (B) A 
phase-contrast light micrograph of a myofibril showing transverse striations (×5400).  
(C) An electron micrograph of three longitudinally sectioned myofibrils.  Transverse 
stripes in the A band are due to myosin-binding proteins and in the I band due to 
troponin (×23000).  (D) Interpretation of (B) and (C) in terms of thick 
(myosin-containing) and thin (actin-containing) filaments, arranged in register.  (E) 
Cross-sectional appearance of sarcomere at different axial levels.  (F) Electron 
micrographs of transverse sections at different points along the sarcomere.  From left 
to right: the M line, the bare zone, the H zone, the zone of thick and thin filament 
overlap, the I band (×120000).  [Taken and adapted from Craig and Padrón, 2004].   
 
The pattern of striation on the myofibril repeats approximately every two to three 
micrometres (Huxley, 1953a).  These repeating units are sarcomeres and they are 
known as the contractile units of striated muscle cells (Huxley, 1953a).  The ends of 
sarcomeres have narrow (approximately 0.1μm), dark lines known as Z lines (Figure 
1.3B-D) (Huxley, 1953a).  Each one of the Z lines intersects a lighter, approximately 
1μm in length I band, shared by adjoining sarcomeres (Huxley, 1953a).  A 1.6μm in 
length, dark A band is found in the middle of each sarcomere and is bisected by a less 
dense H zone (Huxley, 1953a).  The centre of the H zone has an even lighter region, 
known as the pseudo-H zone (Figure 1.3C) (Huxley, 1953a).  The pseudo-H zone 
contains a thin band (sometimes showing three or more fine stripes) of higher density 
known as the M line (Figure 1.3C&D) (Huxley, 1953a).   
 
The pattern formed by the bands can be explained in terms of an accurately ordered 
arrangement of contractile filaments in each myofibril (Figure 1.3), which was first 
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obviously visible in ultrathin sections of muscle viewed with an electron microscope 
(Figure 1.3 and Figure 1.4) (Huxley, 1953a; Huxley, 1957).  The A band consists of 
a collection of thick (15nm in diameter) myofilaments that are 1.6μm long and lie 
parallel to the fibril axis (Huxley, 1953a).  The half I bands consist of a group of thin 
(approximately 10nm in diameter) filaments, about 1μm in length that lie 
longitudinally (Huxley, 1953a).  The thin filaments lie from their attachment at the 
Z line through the I band and into the A band, where they overlap partly with the thick 
filaments (Huxley, 1953a).  The H zone is less dense than the remainder of the A band 
due to the lack of overlapping thin filaments (Huxley, 1953a).   
 
 
Figure 1.4.  Electron micrograph of sections of three myofibrils in vertebrate striated 
muscle.  As seen in transverse section within the overlap zone; illustrating the 
hexagonal arrangement of thick and thin filaments (×130000).  [Taken from Craig and 
Padrón, 2004].   
 
The filaments are arranged in a double hexagonal arrangement in the A band, as can 
be seen in a cross sectional view (Figure 1.4) (Huxley, 1953a); first suggested by 
x-ray diffraction studies of muscle (Huxley, 1953b).  The H zone only contains thick 
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filaments, while in the overlap zone, thin filaments are equidistant from the nearest 
thick filaments (Figure 1.3E&F and Figure 1.4) (Huxley, 1953a).  Only thin 
filaments can be found in the I band (Huxley, 1953a).  The thin filaments are held 
together crossways in a square arrangement by the Z line and the thick filaments are 
interconnected by means of the M line (Huxley, 1953a).   
 
1.3 THE CARDIAC SARCOMERE 
 
1.3.1 Molecular composition and functions of sarcomeres 
 
The sarcomere is the smallest contractile unit of the heart and its primary function is 
myocyte contractility (McElhinny et al., 2005; King et al., 2010; Nedrud et al., 2011).  
The sarcomeres of vertebrate muscles are intricate and consist of a number of 
different proteins that have been identified thus far (Figure 1.5).  Without actin and 
myosin the thin and thick filaments cannot exist, respectively (Hanson and Huxley, 
1953).  Actin accounts for 20 percent of myofibrillar protein, while myosin accounts 





Figure 1.5.  Schematic diagram of a sarcomere, summarizing the organization and 
locations of the main sarcomeric components.  [Taken from Gregorio et al., 1999].   
 
The sarcomere has three important structure-function relations, namely the capacity to 
shorten rapidly and efficiently, being able to switch on and off in milliseconds as well 
as particular self-assembly and structural regularity (Craig and Padrón, 2004).  The 
sarcomere is made up of different types of proteins, viz. contractile, regulatory and 
structural (Craig and Padrón, 2004).  Actin and myosin are the contractile proteins 
known to assemble into thin and thick filaments, respectively, that interact with each 
other to generate both force and shortening in the sarcomere during muscle 
contraction (Craig and Padrón, 2004).   
 
A number of structural proteins associated with actin and myosin filaments are 
responsible for the organisation of the sarcomere during development (Craig and 
Padrón, 2004).  Together, the myosin-binding proteins are responsible for assisting in 
forming the structure of the myosin filament by contributing to the exact organization 
of its molecules during development as well as modulating contraction in cardiac 
muscles by means of calcium activated phosphorylation (McClellan et al., 2001).  
Capping proteins, such as CapZ or β-actinin and tropomodulin, attached to the ends of 
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the thin filament, prevent either polymerization or depolymerisation of actin and 
therefore assist in the maintenance of the specific filament length needed for 
contraction (Xu et al., 1999).   
 
Cross-linking proteins found in the M and Z lines link the thick and thin filaments 
into well-organized, longitudinal, three-dimensional (3D) lattices (Craig and Padrón, 
2004).  Intermediate filaments attach to the M and Z lines, thereby reinforcing the 
structure of the sarcomeres and linking adjacent sarcomeres to each other 
longitudinally and diagonally (Craig and Padrón, 2004).   
 
1.4 CONTRACTION OF MUSCLES 
 
Muscle contraction is the product of filaments sliding past each other, thus creating a 
greater overlap of the filaments without a change in the lengths of the actual filaments 
(Figure 1.6) (Huxley and Hanson, 1954; Huxley and Niedergerke, 1954).  The 
sliding-filament model of muscle contraction is generally accepted as the mechanism 
by which muscles contract and was based upon light microscope observations that the 
A band stayed constant in length during contraction, whilst the I band and H zone 





Figure 1.6.  The sliding-filament model of muscular contraction.  From top to bottom: 
the transition from the stretched to the contracted state.  [Taken from Offer, 1974].   
 
The sliding filament theory can explain how a muscle is able to contract and generate 
force without producing movement (Silverthorn, 2007).  According to this sliding 
filament theory, tension created within a muscle fibre is directly proportional to the 
interaction between thick and thin filaments (Silverthorn, 2007).   
 
Muscle fibre types fall into two main categories, namely, slow twitch (type I) and fast 
twitch (type II) muscle fibres (Lieber and Bodine-Fowler, 1993; Andersen et al., 
2000).  Fast twitch muscle fibres can, however, be sub-categorized into type IIa and 
type IIb fibres (Lieber and Bodine-Fowler, 1993; Andersen et al., 2000).  Type I 
muscle fibres use oxygen more efficiently to create energy by generating adenosine 
triphosphate (ATP) and are thus able to contract continuously over a long period of 
time before fatigue would set in (Lieber and Bodine-Fowler, 1993; Andersen et al., 
2000).  Type II muscle fibres make use of anaerobic metabolism to generate ATP and 
are thus fatigued faster (Lieber and Bodine-Fowler, 1993; Andersen et al., 2000).  
Type IIa muscle fibres are known as intermediate fast twitch fibres and are able to 
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make use of both aerobic and anaerobic metabolism to generate ATP (Lieber and 
Bodine-Fowler, 1993; Andersen et al., 2000).  Type IIa is thus a combination of type I 
and type II fibres (Lieber and Bodine-Fowler, 1993; Andersen et al., 2000).  Type IIb 
muscle fibres only utilise anaerobic metabolism during energy production and have 
the fastest rate of contraction as well as fatigue (Lieber and Bodine-Fowler, 1993; 
Andersen et al., 2000).   
 
1.4.1 The cross-bridge cycle 
 
The force that thrusts the actin filament along the sarcomere is the movement of 
myosin cross-bridges that connect actin to myosin (Huxley and Niedergerke, 1954; 
Silverthorn, 2007; Krans, 2010).  Each myosin head has two binding sites: for an ATP 
molecule and for actin (Silverthorn, 2007).  During the power stroke or cross-bridge 
cycle, movement of the myosin cross-bridges thrusts actin filaments towards the 
middle of the sarcomere (Huxley and Niedergerke, 1954; Silverthorn, 2007).  When 
the cross-bridge cycle completes, each myosin head releases its bound actin, then 
swings backwards to bind a new actin molecule and is ready to start another cycle 
(Huxley and Niedergerke, 1954; Silverthorn, 2007).  The cross-bridge cycle repeats 
many times as each muscle fibre contracts (Huxley and Niedergerke, 1954; 
Silverthorn, 2007; Krans, 2010).  The myosin heads continually bind and release actin 
molecules as myosin thrusts the thin filaments closer to the middle of the sarcomere 
(Huxley and Niedergerke, 1954; Silverthorn, 2007).  The movement of the myosin 
molecules is caused by energy from ATP hydrolysis, which causes the high-energy 
phosphate bond to break and release energy (Silverthorn, 2007; Krans, 2010).  Myosin 
is therefore a motor protein with the capacity to produce movement by means of 
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converting the chemical bond energy of ATP into the mechanical energy of motion 
for contraction (Silverthorn, 2007).  Each myosin molecule is able to bind to ATP and 
hydrolyse it to adenosine diphosphate (ADP) and inorganic phosphate (Pi), thus 
releasing energy (Silverthorn, 2007).  This energy is then stored as potential energy in 
the angle between the myosin head and the long axis of the myosin filament, so as to 
fuel the power stroke that moves actin (Silverthorn, 2007).   
 
1.5 THE THIN FILAMENT 
 
Striated muscle thin filaments extend from the Z line to the edge of the H zone 
(Figure 1.3C&D) (Huxley, 1953a).  Vertebrate thin filaments are approximately 1µm 
long and 10nm wide and are located in the filament lattice between the thick filaments 
(Figure 1.3E&F and Figure 1.4) (Huxley, 1953a; Huxley, 1957).  Thin filaments are 
composed of mostly actin which is a major cytoskeletal protein, found in practically 
all eukaryotic cells (Pollard, 1990).  Actin is a 42kDa globular protein, often referred 
to as G actin (G=globular), that is able to self-associate and create a helical polymer 
called F actin (F=filamentous), consisting of about 360 molecules (Figure 1.7A) 
(Offer, 1974).  The F-actin backbone is attached at regular intervals to the proteins 
troponin and tropomyosin, that play a role in the regulation of contraction (Zot and 
Potter, 1987; Solaro and Rarick, 1998; Gordon et al., 2000) (Figure 1.7B&C) and the 
giant protein nebulin, spanning the complete length of the filament while functioning 
to determine its length (Gregorio et al., 1999; Horowits et al., 1996; Wang and 





Figure 1.7.  Schematic diagrams of the thin-filament structure.  (A) F actin (actin 
subunits are drawn as spheres for simplicity).  (B) F actin plus tropomyosin.  (C) 
F actin-tropomyosin plus troponin.  [Taken from Offer, 1974].   
 
Troponin (Tn) and tropomyosin (Tm) are the most important thin filament 
components after actin and they are able to form a complex that is involved in the 




) (Lehman et al., 
2009).  Nebulin is found in the thin filaments and like titin, it is another giant 
myofibrillar protein which plays a role in sarcomeric length determination (Gregorio 
et al., 1999; Horowits et al., 1996).  The Z line contains, among other proteins, 
α-actinin which maintains the thin filaments in a systematic horizontal arrangement 
and connects sarcomeres into the linear grouping of the myofibril (Knöll et al., 2002).  
Intermediate filaments and associated proteins function to attach the sarcomeres at the 
Stellenbosch University http://scholar.sun.ac.za
17 
M and Z lines and thus form crosswise links between the adjacent myofibrils, so as to 
maintain them in order with each other across the fibres (Craig and Padrón, 2004).   
 
Troponin and tropomyosin are the main regulatory proteins in the sarcomere (Lehman 
et al., 2009).  These proteins both bind to actin and in so doing, regulate the actin and 
myosin interactions, thereby regulating sarcomeric contraction in response to changes 
in Ca
2+
 concentration (Lehman et al., 2009).   
 
The binding and dissociation of Ca
2+
 on troponin is coupled to the movement of 
tropomyosin on actin filaments (Solaro and Rarick, 1998), which regulates the 
contraction of muscles on a molecular level (Lehman et al., 2009).  Myosin 
cross-bridge dynamics and muscular contraction are therefore controlled by the fact 
that this process either blocks or exposes the myosin binding sites on actin (Lehman et 
al., 2009).   
 
According to Lehman et al., 2009; troponin has two separate structural functions, 
namely: to function as an inhibitor in relaxed muscles when there is a low Ca
2+
 
concentration and as a promoter to initiate contraction, in activated muscles when 
there is a high Ca
2+
 concentration (Lehman et al., 2009).  Changes in the sarcoplasmic 
free Ca
2+
 concentration and the subsequent binding or dissociation of Ca
2+
 from the 
troponin complex, switches contraction on or off in both cardiac and skeletal muscles 
(Lehman et al., 2009).   
 
Actin-myosin interaction is inhibited at low Ca
2+
 concentrations due to the myosin 
binding sites on actin being inaccessible (Lehman et al., 2009).  The myosin binding 
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is blocked because Ca
2+
-free troponin has a bearing upon the elongated tropomyosin 
(Lehman et al., 2009).  Troponin's structural influence over tropomyosin at high Ca2+ 
concentrations is due to the Ca
2+
-saturated troponin enabling the regulatory switching, 
by means of actively stimulating tropomyosin movement away from the blocking 
position (Lehman et al., 2009).   
 
1.5.1 The Z line 
 
Interactions with a cytoskeletal lattice, the Z line; also referred to as the Z band/Z disk 
due to its predetermined thickness; are responsible for the noticeable uniformity of the 
thin filaments of sarcomeres (Knöll et al., 2002).  Z lines form the junction between 
one sarcomere and the next (Figure 1.3B-D) as they are found at the ends of the 
sarcomeres; this is also where the thin-filament polarity is reversed (Huxley, 1963).  
Z lines function as both connection points as well as mechanical links between thin 
filaments and between overlapping titin filaments from neighbouring sarcomeres 
(Knöll et al., 2002).  The transmission of force along the myofibril is therefore 
partially controlled by the Z lines (Vigoreaux, 1994).  Attachment sites for 
intermediate filaments, forming lateral contacts with neighbouring myofibrils, are also 
found within the Z lines (Wang and Ramirez-Mitchell, 1983).   
 
1.5.1.1 Composition of the Z line 
 
The components of the Z line include: α-actinin, amorphin, FATZ (myozenin), Znin, 
Z protein, γ-filamin, ZASP, myotilin, myopodin and myopalladin; as well as sections 
of thin filaments overlaps: actin, CapZ and nebulin; the N-terminal ends of titin 
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filaments and telethonin (Vigoreaux, 1994; Stromer, 1995).  The muscle-specific 
lin-11, islet-1 and mec-3 (LIM) protein (MLP) is also found in the Z line and 
MLP-deficient mice have been found to develop a severe form of dilated 
cardiomyopathy (DCM) (Knöll et al., 2002).  The muscle-specific ring finger 
(MURF) proteins are found at the Z line as well as the M line (Knöll et al., 2002).  
MURF-3 deficient mice have been shown to possess a myopathic phenotype (Knöll et 
al., 2002).   
 
The main structural constituent of the Z line is α-actinin, which binds to several Z-line 
proteins and functions to cross-link anti-parallel actin filaments as well as anti-parallel 
titin filaments from neighbouring half sarcomeres (Knöll et al., 2002).  α-Actinin thus 
creates a ternary complex containing actin, titin and α-actinin (Young et al., 1998).   
 
In order to fully understand the structure and function of the Z-line, it is necessary to 
first discuss the protein titin.   
 
1.5.2 Titin filaments 
 
In addition to actin and myosin filaments, a third type of filaments is found in muscles 
(Trinick, 1991; Labeit and Kolmerer, 1995; Granzier and Labeit, 2007).  This was 
discovered due to the integrity of sarcomeres being maintained when stretched beyond 
the actin-myosin overlap (Granzier and Labeit, 2007; Hudson et al., 2011).  The giant 
protein titin (also referred to as connectin) (Chung and Granzier, 2011; Nedrud et al., 
2011; Leinwand et al., 2012), constitutes this set of filaments, separate from actin and 
myosin (Trinick, 1996; Gregorio et al., 1999; Maruyama, 1999; Tskhovrebova and 
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Trinick, 2003; Lange et al., 2005; Granzier and Labeit, 2007; Linke, 2008).  Titin is 
the third most abundant protein found in muscles, after actin and myosin, making up 
approximately ten percent of myofibrillar mass (Gregorio et al., 1999; Bang et al., 
2001b; Tskhovrebova and Trinick, 2003; Granzier and Labeit, 2007).  Titin has been 
classified as a member of the intracellular immunoglobulin superfamily (Nave et al., 
1989; Labeit et al., 1992; Soteriou et al., 1993; Vinkemeier et al., 1993; Labeit and 
Kolmerer, 1995; Tskhovrebova and Trinick, 2003; Linke, 2008).   
 
Titin has two major functions in muscles; namely to supply a template for the exact 
organization of myofibrillar proteins during muscle development and to play a role as 
a molecular spring that is in charge of important aspects of mechanical stress sensing 
(Gautel, 2011) behaviour of muscles (Trinick and Tskhovrebova, 1999; Hudson et al., 
2011; Krüger and Linke, 2011; Stahl et al., 2011 Anderson and Granzier, 2012; 
Leinwand et al., 2012).  Titin is thus often referred to as a protein ruler (Horowits et 
al., 1986; Trinick, 1994; Gautel and Goulding, 1996; Trinick and Tskhovrebova, 
1999; Gautel, 2011; Leinwand et al., 2012) and an entropic bi-directional spring 
(Cazorla et al., 2000; Freiburg et al., 2000; Linke, 2000; Chung and Granzier, 2011).  
Titin thus provides muscles with passive elastic properties (King et al., 2010; Chung 
and Granzier, 2011; Nedrud et al., 2011; Czajlik et al., 2012), maintaining sarcomeric 
integrity and filament alignment in active and relaxed states (Granzier and Labeit, 
2007; Leinwand et al., 2012), so that they are not able to over-stretch, like the tension 






1.5.2.1 Molecular structure, interactions and organization of titin filaments 
 
Titin, the largest known polypeptide in humans, is a 3-4.2MDa (Granzier and Labeit, 
2007; Czajlik et al., 2012) single polypeptide chain consisting of about 38138 
residues (Krüger and Linke, 2011; Leinwand et al., 2012).  Titin molecules are 
extremely long (approximately 1µm) (Nowak, 2012), thin (4nm in diameter) and are 
also very flexible (Means, 1998; Tskhovrebova and Trinick, 2003; Linke, 2008; 
Tskhovrebova and Trinick, 2010).  Mammalian genomes have been shown to only 
contain a single titin gene (Mateja et al., 2012) and in humans the titin gene has 363 
exons (Granzier and Labeit, 2007; Krüger and Linke, 2011; Leinwand et al., 2012; 
Nowak, 2012).  Each titin molecule extends along the full length of a half-sarcomere, 
from the Z line (209kDa N-terminal region) all the way to the M line (250kDa 
globular C-terminal region) (Figure 1.5) (Fürst et al., 1988; Fürst et al., 1989; Nave et 
al., 1989; Labeit et al., 1992; Labeit and Kolmerer, 1995; Young et al., 1998; Satoh et 
al., 1999; Tskhovrebova and Trinick, 2003; Lange et al., 2005; Granzier and Labeit, 
2007; Linke, 2008; Tskhovrebova and Trinick, 2010; Chung and Granzier, 2011; 
Hudson et al., 2011; Anderson and Granzier, 2012; Czajlik et al., 2012; Leinwand et 
al., 2012).   
 
The N-terminal end of titin starts in the Z line (Granzier and Labeit, 2007; 
Tskhovrebova and Trinick, 2010) and was initially considered to be a separate 
protein, called zeugmatin (Turnacioglu et al., 1997).  Titin has been shown to interact 
in the Z line with a 19kDa protein called telethonin or titin cap (T-cap) (Gregorio et 
al., 1998; Granzier and Labeit, 2007) which has been implicated in limb-girdle 
muscular dystrophy type 2G (Moreira et al., 2000).   
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The middle section of titin is a 0.7 to 1.5MDa isoform dependent elastic region, with 
the shorter isoforms being less elastic (Mateja et al., 2012), that passes through the 
I band parallel to the thin filaments (Gregorio et al., 1998).  The 2MDa C-terminal 
end of titin constitutes a part of the thick filament, binding to myosin and myosin 
binding protein C (MyBPC), concluding in the M line (Gregorio et al., 1998; Stahl et 
al., 2011).  Each titin polypeptide overlaps with the titin polypeptides from the next 
half sarcomere at the Z and M lines, forming an uninterrupted arrangement of 
filaments right through the entire myofibril (Gregorio et al., 1998).  The binding of 
various myofibrillar proteins to specific titin domains implies that titin functions as a 
molecular outline during sarcomeric assembly due to specifying the particular 
arrangement of its ligands within each half sarcomere (Figure 1.8) (Fürst et al., 
1999).   
 
 
Figure 1.8.  Molecular structure of the titin filament as well as the location of 
alternative splicing sites that result in different titin isoforms.  Block above the 
corresponding titin domains indicate ligands that have been identified by yeast 
two-hybrid studies; while blocks below indicate putative titin ligands identified by 
in vitro studies using expressed domains.  The modular structure of titin in relation to 
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the upper: Z line (Z repeats) and I band (tandem Ig repeats and PEVK segment); and 
the lower: myosin filament in the A band (Ig/Fn super-repeats – note the positions of 
non-myosin proteins on the myosin filament) and M line.  [Taken and adapted from 
Gregorio et al., 1999].   
 
Titin is similar to other myosin-binding proteins because it has a modular structure 
comprising mostly (about 90 percent) of immunoglobulin-like (Ig) and 
fibronectin-like (Fn) domains (Tskhovrebova and Trinick, 2010; Czajlik et al., 2012).  
Alternative splicing (Hudson et al., 2011) of titin’s mRNA as well as 
post-translational modifications causes these modules to be expressed in various 
arrangements in different muscle types; forming tissue-specific I-band titin isoforms 
(Leinwand et al., 2012; Mateja et al., 2012), with sizes from approximately 600kDa to 
3.7MDa (Labeit et al., 1997; Freiburg et al., 2000; Bang et al., 2001b; Tskhovrebova 
and Trinick, 2003; Tskhovrebova and Trinick, 2010; Hudson et al., 2011; Anderson 
and Granzier, 2012).   
 
However, titin also has a unique domain abundant in proline (P), glutamate (E), valine 
(V) and lysine (K) which is referred to as the PEVK domain (Figure 1.8) (Fürst and 
Gautel, 1995; Labeit and Kolmerer, 1995; Labeit et al., 1997; Granzier and Labeit, 
2007; LeWinter et al., 2007; Anderson and Granzier, 2012; Mateja et al., 2012).  
Cardiac PEVK titin has mechanical conformations of differing flexibility and 
functions as an entropic spring element (Linke et al., 2002; Anderson and Granzier, 
2012).  This PEVK domain of titin has been shown by Linke et al., 2002 to interact 
with actin filaments, therefore causing a slowing of sliding velocity of the actin 





 concentration in cardiac muscles and contributes to the contractile properties as 
well as the extensibility of the sarcomeres (Linke et al., 2002).   
 
The tandem Ig domains as well as PEVK-rich sequences within the I-band region are 
responsible for the titin filaments’ extensibility and elastic properties (Labeit et al., 
1997; Horowits, 1999; Linke et al., 1999; Hudson et al., 2011).  Muscle-specific 
alternative splicing also causes the length of PEVK titin to differ between 163 and 
2200 residues (Kolmerer et al., 1999) resulting in different mechanical properties for 
different striated muscle types (Labeit et al., 1997).   
 
The I-band region of titin (Figure 1.8) is responsible for the passive tension that is 
generated when a myofibril is stretched because it consists of spring-like (Ig) 
extensible elements that give rise to the variable degree of myofibril stiffness 
(LeWinter et al., 2007; Anderson and Granzier, 2012).  This passive tension plays a 
role in the diastolic filling of the heart and alterations in titin’s extensibility have been 
shown to be associated with diastolic dysfunction as well as cardiac disease (Hudson 
et al., 2011; Anderson and Granzier, 2012).   
 
The Fn domains are only found within the A band and are arranged along with Ig 
domains into super-repeat patterns (Figure 1.9) (Gregorio et al., 1999; Bennett et al., 
1999; Kolmerer et al., 1999).  Two separate blocks of Ig repeats are found in the 
I-band region, separated by the variable-length PEVK domain (Tskhovrebova and 
Trinick, 2010).  The fact that this variation in titin isoforms is only found in the I-band 
region, results in titin molecules with varying elastic properties (Cazorla et al., 2000; 
Freiburg et al., 2000; Bang et al., 2001b; Linke, 2008).  This means that the titin 
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isoforms with additional Ig repeats are more elastic than those isoforms with fewer 
repeats.   
 
 
Figure 1.9.  Schematic representation of titin’s arrangement within the sarcomere.  (a) 
Striated zones in the sarcomere and the titin molecule indicate the position of the large 
super-repeat.  (b) The domain periodicity in the thick filament bound, A-band part of 
titin.  [Taken and adapted from Tskhovrebova and Trinick, 2010].   
 
Titin has two repeat regions (Figure 1.9) (Tskhovrebova and Trinick, 2010).  Titin is 
attached to the thick filaments within the A-band, forming a large 11 super-repetitive 
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pattern in the domain structure (Czajlik et al., 2012).  This large super-repeat 
constitutes almost half of each titin molecule as it also occurs 11 times in the molecule 
(Czajlik et al., 2012).  The 11 repeat region (Figure 1.9) forms a pattern of Fn- and 
Ig-like domains: Ig, 2x Fn, Ig, 3x Fn, Ig, and 3x Fn that can be found in the MyBPC 
region of the A band (Gregorio et al., 1999).  The repeats are approximately 43nm 
long, with each domain having a length of 4 to 4.5nm (Gregorio et al., 1999).  Each 
one of the 11 repeats has multiple domains that are able to bind to the myosin tail as 
well as MyBPC (Gregorio et al., 1999).  The second repeat region is titin’s seven 
repeat region (Figure 1.9), which comprises of five Fn3 and two Ig domains; where 
the myosin-binding proteins are missing towards the end of the A band 
(Tskhovrebova and Trinick, 2010).  This seven repeat region is, in turn, repeated six 
times (Krüger and Linke, 2011).   
 
1.5.2.2 Function of titin in myofibrillogenesis 
 
Titin is one of the initial myofibrillar proteins to that assembles in the embryonic 
myofibril and it extends along the full length of the half sarcomere where it is able to 
interact with an assortment of sarcomeric proteins at precise locations; as well as 
anti-parallel connections with bordering titin molecules in the M and Z lines (Gautel 
et al., 1999).   
 
Correct sarcomere formation in both cardiac and skeletal muscles is dependent upon 
the interaction of a number of proteins, including titin, at the right time and place 
(Wang et al., 1998).  If any of these interactions are disturbed, then there could be 
interference in sarcomerogenesis because titin’s assembly into the sarcomere would 
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thus be disrupted (Wang et al., 1998).  Turnacioglu et al. demonstrated in 1997 that 
the overexpression of N-terminal titin in cultured chicken cardiomyocytes and 
myotubes caused the disassembly of the myofibrils by means of interfering with 
titin’s interaction with α-actinin (Turnacioglu et al., 1997).   
 
The section of titin found within the M-line (Figure 1.14D-F) consists of the 
C-terminal region which is the site of the catalytically active kinase domain; 
speculated to play a role in sarcomerogenesis and mechanotransduction (Labeit and 
Kolmerer, 1995; Leinwand et al., 2012).  M-line titin’s main functions are to take part 
in thick filament assembly, M-band formation as well as maturation of other sections 
of the sarcomere within cardiac cells (Musa et al., 2006).  Titin’s role in thick 
filament assembly is further supported by the fact that myosin interacts with its large 
super-repeats (Czajlik et al., 2012; Kaiser et al., 2012).  The kinase domain also 
involves titin in protein turnover and signalling pathways (Granzier and Labeit, 2004).   
 
The A-band region of titin (Figure 1.8) is approximately 2MDa in size and is 
suggested to play a role as a template for specific assembly and precise length of thick 
filaments (Lange et al., 2006).  The quick and efficient contraction and relaxation of 
striated muscles is due to the specific organization of the sarcomere, orchestrated by 
titin (Wang et al., 1998).   
 
Regulatory kinases phosphorylate titin domains within the Z line and T-cap/telethonin 
in the Z line can be phosphorylated by a serine/threonine kinase domain in the M-line 
area (Mayans et al., 1998; Krüger and Linke, 2011).  Therefore, during myofibril 
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assembly, developmental regulatory signals could potentially be relayed between the 
M and Z ends of titin (Gregorio et al., 1999; Labeit et al., 1997; Gautel et al., 1999).   
 
1.5.2.3 Mechanical function of titin 
 
The different titin isoforms are responsible for passive tension and slack length of 
muscles at rest; fibres containing larger titin isoforms are able to develop passive 
tension at longer sarcomeric lengths, whilst smaller titin isoforms like those found in 
cardiac muscles, have an increased resting tension (Horowits, 1999).  In the event of 
skeletal muscle being stretched beyond its slack length, the Ig domain is initially 
straightened without much coupled force and with no unfolding of the individual Ig 
units (Figure 1.10A) (Horowits, 1999).  Any additional stretching then causes the 
PEVK domain to unravel, which demands a substantial force and creates considerable 
levels of passive tension (Horowits, 1999).  Unfolding of individual Ig domains is 
possible in exceedingly stretched sarcomeres, but it is unlikely to take place at 
physiological lengths (Linke et al., 1999; Horowits, 1999).  The elevated levels of 
passive tension created at elongated muscle lengths may help to prevent damage that 





Figure 1.10.  Models of titin’s functioning.  (A) When a slack sarcomere is stretched, 
domains containing tandem Ig modules are straightened first, with a minimal increase 
in tension.  Further extension leads to unfolding of the PEVK domain, with tension 
increasing exponentially.  (B) A model indicating how the stretch of titin (stretched 
spring on right) in an unequally contracted sarcomere, will tend to re-centre the thick 
filaments.  [Taken from Horowits, 1999].   
 
Titin maintains the axial ordering of the filaments within the sarcomere which is vital 
for the fast and proficient generation of active tension during contraction (Horowits, 
1999).  If the thick filaments were to become uncentred at some stage during 
prolonged contraction, a drop in tension would occur; thus titin functions to prevent 
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this (Figure 1.10B) (Horowits, 1999).  The most important organizational role of titin 
in vivo is therefore to keep the thick filaments centred during passive stretch and to 
avoid sarcomere asymmetry from accumulating over a period of several contractions, 
by recentring the thick filaments during muscle relaxation (Horowits, 1999; Leinwand 
et al., 2012).   
 
1.5.3 Model of the Z line 
 
Studies of the sequences, interactions and antibody labelling patterns of Z-line 
components have helped to elucidate the Z-line structure (Figure 1.11B) (Gautel et 
al., 1996; Gautel et al., 1999; Gregorio et al., 1998; Gregorio et al., 1999; Young et 
al., 1998).  The 30kDa N-terminals of titin molecules overlap at the edges of the 
Z lines in the neighbouring sarcomeres - where the first two titin Ig repeats (Z1 and 
Z2) bind to telethonin (titin was discussed in detail in Section 1.5.2) (Mayans et al., 
1998; Krüger and Linke, 2011).  The next 60kDa of titin spans the Z line and contains 
up to seven copies of a 45-residue “Z repeat” which is able to bind to the carboxy 
terminus of α-actinin (Luther and Squire, 2002).  α-Actinin could therefore play a role 
in cross-linking both actin filaments as well as anti-parallel titin filaments in the Z line 
(Wang et al., 1998).  Alternative splicing of the 45-residue Z repeats takes place in the 
central Z-line region of titin (Krüger and Linke, 2011).  Varying lengths of titin’s 
N-terminal overlap and the number of α-actinin binding sites that cross-link the titin 
molecules to thin filaments could function to determine the Z-line’s width and internal 
arrangement (Craig and Padrón, 2004; Voelkel and Linke, 2011).  Titin’s N-terminal 
region could be implicated in controlling fibril assembly due to the fact that sections 
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of Z-line titin and telethonin are phosphorylated by regulatory kinases (Craig and 
Padrón, 2004; Voelkel and Linke, 2011).   
 
 
Figure 1.11.  Models of the Z-line’s structure.  (A) Stereo view based on 3D 
reconstruction from tilted sections of intermediate-width Z lines.  Actin filaments 
organized vertically overlap in the Z line and are connected there by obliquely 
oriented filaments; most likely mainly α-actinin.  [Taken from Luther, 2000].  (B) 
Schematic diagram of proposed actin, α-actinin, titin, nebulin and telethonin 
Stellenbosch University http://scholar.sun.ac.za
32 
organization; established from sequence and immunoelectron microscopic data.  
[Taken from Gautel et al., 1999].   
 
The C-terminal, SH3-containing domain of nebulin allows it to insert into the 
periphery of the Z line (Millevoi et al., 1998), which binds to α-actinin by way of 
myopalladin (Bang et al., 2001a).  Nebulin terminating at the boundary of the Z line 
determines where tropomyosin’s actin binding ends and therefore where the binding 
of α-actinin, which competes with tropomyosin, is enabled (Craig and Padrón, 2004).   
 
Nebulin is a large filamentous protein that extends the full length of the thin filament 
(Witt et al., 2006).  It is responsible for the regulation of the assembly and lengths of 
the thin filaments (McElhinny et al., 2005).  The contractility of the thin filaments as 
well as the Z disk structure is also regulated by nebulin (Witt et al., 2006).  
Myopalladin functions in the assembly of the Z disk and I band proteins (Bang et al., 
2001a).  It is responsible for linking nebulin and nebulette to α-actinin within the 
Z lines (Bang et al., 2001a).   
 
1.6 INTERMEDIATE FILAMENTS 
 
A lattice of intermediate filaments 10nm in width attaches to the outside edge of the 
sarcomere and serves to arrange the structure of the muscle cell at a level beyond each 
individual sarcomere (Figure 1.12) (Wang and Ramirez-Mitchell, 1983).  The 
intermediate filaments function to strengthen and hold the structure of each muscle 
cell together by means of the formation of crosswise connections between 
neighbouring myofibrils; which is due to their attachment to the SR or T-tubule 
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membranes, thus maintaining the membranes in order with each other across the 
muscle fibre and linking myofibrils to the sarcolemma and nucleus (Carlsson and 
Thornell, 2001; Nunzi and Franzini-Armstrong, 1981; Stromer, 1990; Stromer, 1995; 
Wang and Ramirez-Mitchell, 1983).   
 
 
Figure 1.12.  Schematic diagrams indicating the intermediate filaments.  (A) 
Intermediate filaments encircling sarcomeres at the Z line and connecting to other 
sarcomeres as well as to the cell membrane.  [Taken from Bellin et al., 2001]  (B) 
Intermediate filaments encircling and extending from the Z line (TZ) and M line (TM) 
as well as extending longitudinally from Z line to Z line (LZ).  [Taken from Wang and 
Ramirez-Mitchell, 1983].   
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Desmin is the muscle-specific member of the intermediate filament family and 
constitutes the main component in mature muscles (Parry, 1999; Herrmann and Aebi, 
2000).  During development, vimentin is expressed and it coexists with desmin within 
the same filaments, however, it is not present in mature muscles (Parry, 1999; 
Herrmann and Aebi, 2000).  Synemin, paranemin and nestin also associate with 
desmin filaments, but in lesser amounts; while plectin, an 
intermediate-filament-associated protein, is able to create contacts between the 
intermediate filaments and other cellular structures (Herrmann and Aebi, 2000).   
 
Syncoilin is an extremely soluble 64kDa intermediate filament protein located within 
the neuromuscular junction, the sarcolemma and the Z line; it is able to bind to 
desmin as well as to the dystrophin protein complex, but does not form filaments 
(Poon et al., 2002).   
 
Skelemin is an approximately 200kDa protein and is encoded by the same gene as 
myomesin - it is considered a splice variant and contains two motifs that are 
intermediate-filament-like (Section 1.7) (Price and Gomer, 1993; Steiner et al., 1999).  
Skelemin is able to form rings around the outside edge of the M line and connects 
these rings in neighbouring myofibrils (Price and Gomer, 1993).  Myosin filaments, at 
the border of the sarcomere, could thus be connected to the intermediate filament 
cytoskeleton by means of skelemin’s myosin-binding ability and its putative 
intermediate filament core-like motifs (Price and Gomer, 1993).  Peripheral 
myofibrils could also be linked to the cell membrane at the M line because skelemin 
interacts with the cytoplasmic domain of sarcolemmal integrin molecules (Reddy et 
al., 1998).   
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1.7 THE THICK FILAMENT 
 
The thick filaments of muscle fibres are bipolar, spindle-shaped structures, 1.6µm 
long and approximately 15nm wide (Huxley, 1963).  The cross-bridges cause thick 
filaments to have a rough appearance along most of their length due to them 
protruding, except for a central bare zone (Figure 1.3C) (Huxley, 1963).   
 
The thick filaments also consist of non-myosin proteins: myosin-binding proteins C, 
H, and X (found in the middle third of each half of the thick filaments) (Craig and 
Padrón, 2004); myomesin, M protein and creatine kinase (found within the M line) 
(Wang et al., 1998).  Titin is also found to be associated along the length of the thick 
filaments, but it continues past the thick filaments through the I band to the Z line 
(Craig and Padrón, 2004).  Titin is a giant elastic protein that maintains the A band in 
a centred position and makes sure that identical forces develop in the two halves of 
the A band (Section 1.5.2) (Craig and Padrón, 2004).  During muscle development, 
titin appears to act as a molecular template to define the exact length and organization 
of myosin filaments (Section 1.5.2) (Craig and Padrón, 2004).   
 
1.7.1 The M line 
 
1.7.1.1 Structure of the M line 
 
The sarcomeric filaments display a noticeable uniformity due to interactions with a 
cytoskeletal lattice, which is responsible for holding them in order (Fürst et al., 1999).  
The M line forms this lattice structure in the thick filaments (Figure 1.3) (Huxley, 
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1953a).  It is an approximately 80nm crosswise band found at the centre of the A band 
and consists of protein bridges that link the thick filaments to each of their six 
neighbours (Figure 1.13) (Luther and Squire, 1978).  Intermediate filaments also 
connect at the M line and run diagonally; thus connecting adjacent myofibrils to each 
other (Craig and Padrón, 2004).  In longitudinal sections of muscle, the M line is seen 
as an electron-dense band with other fine structures of three to five thin, densely 
stained lines approximately 20nm apart (Figure 1.3C) (Huxley, 1953a).  The central 
line is termed M1, the strong lines 22nm on each side of M1 are known as M4 and 
M4’ (Figure 1.14C) and the extra lines found in some M lines a further 22nm out are 





Figure 1.13.  Transverse section of muscle in the M-line region (×125000).  The big 
dark circles indicate the thick filaments and the dark lines indicate protein bridges that 
link the thick filaments to each of their six neighbours.  [Taken from Luther and 





Figure 1.14.  M-line models.  (A) Transverse view at the M4 level indicating thick 
filaments (TF), M bridges (Mb) and M filaments (Mf).  (B) Proposed 3D model based 
on electron microscopy; sM = secondary M bridges.  (C) M-line nomenclature and 
scale in nanometres.  (D&E) Suggested arrangement of titin, myomesin and 
M protein based on immune-electron microscopic observations.  (F) The domain 
structures of M-line titin, M protein, myomesin and skelemin.  [Taken from Fürst et 
al., 1999].   
 
The structure of the M line differs between fibre types, with fast (type II) fibres 
having three lines (M1, M4 and M4’) and slow (type I) fibres showing four definite 
lines (M4, M4’, M6 and M6’; with M1 being missing), whilst intermediate-speed 
fibres have all five lines present (Fürst et al., 1999).  The fact that M4 and M4’ are 
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constantly present in all muscles, indicates that bridges in these locations are 
important in maintaining the integrity of the A band (Pask et al., 1994).   
 
1.7.1.2 Protein components and interactions of the M line 
 
According to Fürst et al., 1999, the M line consists of three main M line specific 
proteins; namely creatine kinase, M protein and myomesin; as well as overlapping 
sections of myosin tails, the C terminal end of titin and skelemin, which is a 
peripheral component that could play a role in linking M lines to the intermediate 
filaments (Fürst et al., 1999).   
 
Creatine kinase is a dimeric globular protein comprising two 43kDa subunits (Fürst et 
al., 1999).  Its function is to buffer cellular ATP and ADP concentrations by means of 
catalysing the reversible exchange of high-energy phosphate bonds between 
phosphocreatine and ADP, thus regenerating ATP from ADP that was formed during 
muscular contraction (Kushmerick, 1998).   
 
M protein and myomesin are modular proteins containing mainly 
immunoglobulin-like (Ig) and fibronectin type (Fn) domains, similar to those found in 
MyBPC and titin (Figure 1.14F) (Fürst et al., 1999).  M protein and myomesin 
consist of the same core domain organizations and have more than 50 percent of the 
same residues; with only their C- and N-terminal regions differing (Fürst et al., 1999).  
M protein is only found in cardiac and fast skeletal fibres (Eppenberger et al., 1981) 
and is a flexible approximately 165kDa monomer that is 36nm long and 4nm wide 
(Masaki and Takaiti, 1974; Trinick and Lowey, 1977).  Myomesin is found in both 
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fast and slow fibres and it is a flexible, segmented rod of 185kDa that is 50nm long 
and 4nm wide (Grove et al., 1984).  The N-terminal region of myomesin binds to light 
meromyosin (LMM), while its central section interacts with the C-terminus of titin 
(Obermann et al., 1996).  Both M protein and myomesin function to maintain the 
three-dimensional structure of neighbouring myosin filaments within the A band by 
binding to myosin and titin, thus providing the insertion sites for titin filaments (Wang 
et al., 1998) They therefore link titin molecules to the thick filaments (Wang et al., 
1998).  Wang and co-workers showed in 1998 that if M protein or myomesin are not 
expressed, then the assembly of titin into the sarcomere is disrupted (Wang et al., 
1998).  Wang et al., 1998 further stated that since titin is inserted into both the M line 
as well as the Z line, a disruption within the M line would cause titin disorganisation 
throughout the sarcomere (Wang et al., 1998).   
 
Skelemin consists of Fn and Ig domains in the same order as in M protein and 
myomesin and is a splice variant encoded by the same gene as myomesin (Fürst et al., 
1999; Steiner et al., 1999).  However, skelemin also has two different motifs that 
differentiate it from M protein and myomesin (Price and Gomer, 1993).   
 
Obscurin is an 800kDa sarcomeric protein that resembles titin and has a modular 
design comprising of Ig- and Fn-like domains (Young et al., 2001).  It has a section 
similar to the elastic region of titin and its C-terminal end has sequences that could 
indicate a function in signal transduction; whilst some of its domains interact with the 





1.7.2 Model of the M line 
 
Creatine kinase has been shown to play a role in the M4 bridges; while titin molecules 
cross the middle of the A band at the M line (bare zone region) and go a further 60nm 
into the adjacent half sarcomere, therefore forming an anti-parallel overlap region of 
120nm (about the length of the bare zone) where they interact with each other (Fürst 
et al., 1999).  Myomesin molecules from the two halves of the M line are found 
parallel to the thick filament and titin and bind to titin in this area, while also forming 
an overlap region with myomesin molecules of differing polarity from the other half 
of the sarcomere (Figure 1.14B,D&E) (Fürst et al., 1999).  Myomesin has a 
perpendicular bend near its N-terminal end and extends in the direction of the 
bordering thick-filament, where it then binds to myosin (Figure 1.14D) (Fürst et al., 
1999). The C- and N-terminal ends of M protein are able to bind to the surfaces of 
adjoining myosin filaments while the middle section is perpendicular to the thick 
filaments, thus creating M1 bridges and reinforcing the links between thick filaments 
(Figure 1.14E) (Fürst et al., 1999).   
 
1.7.3 Function of the M line 
 
The M line stabilizes the crosswise and longitudinal structure of the thick filament 
lattice by connecting adjoining filaments to each other, which is important for the fast 
and efficient contraction of the sarcomeres (Figure 1.3C) (Huxley, 1953a).  During 
muscle shortening, the inter-filament distance can increase by up to 7nm (Elliott et al., 
1963) when a change in the conformation of an actin-myosin head complex 
(cross-bridge) takes place (Takezawa et al., 1998).   
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The M line plays both a structural and enzymatic role (Fürst et al., 1999).  The M line 
is involved in sarcomeric assembly and turnover and the phosphorylation of a 
particular serine residue (Ser-482) found on M protein and myomesin causes the 
inhibition of their binding to myosin and titin, respectively (Fürst et al., 1999; 
Kontrogianni-Konstantopoulos et al., 2004).   
 
Mutations found in titin have been shown to cause hypertrophic cardiomyopathy 
(HCM) which is a disease in which one of the primary features is left ventricular 
hypertrophy (Frey et al., 2012).   
 
1.8 LEFT VENTRICULAR HYPERTROPHY 
 
Left ventricular hypertrophy (LVH) occurs when the cardiomyocytes in the left 
ventricle face a haemodynamic pressure overload, need to compensate and thus 
become enlarged by increasing in mass (Lorell and Carabello, 2000; Hudson et al., 
2011).  This can either be attributed to a normal physiological response to exercise 
(Colan et al., 1985; Hart, 2003; Rawlins et al., 2009) or can be the result of a 
maladaptive process or disease state, such as chronic hypertension (elevated blood 
pressure) (Frey and Olson, 2003; Taylor et al., 2011).   
 
The enlargement occurs as a result of the hypertrophy (increase in size) of the existing 
myocytes, as opposed to hyperplasia (increase in number), due to the fact that 
myocytes are terminally differentiated shortly after birth (Lorell and Carabello, 2000).  
The hypertrophy only becomes pathological when it fails to regress, as is seen in the 
disease hypertrophic cardiomyopathy (HCM).  Left ventricular hypertrophy is 
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recognised as a major risk factor for cardiovascular morbidity and mortality (Lorell 
and Carabello, 2000).  Studies have shown that LVH is a strong predictor of sudden 
cardiac death (SCD) (Haider et al., 1998; Lorell and Carabello, 2000), coronary heart 
disease (Devereux and Roman, 1993), congestive heart failure (HF), cardiac 
arrhythmias and stroke (Verdecchia et al., 2001).   
 
A better clinical prognosis (Verdecchia et al., 1998) and higher life expectancy (Sharp 
and Mayet, 2002) is associated with a regression of LVH.  This can also be inferred 
from the Losartan Intervention for Endpoint reduction (LIFE) and Heart Outcomes 
Prevention Evaluation (HOPE) studies (Stöllberger et al., 2003).  From the LIFE 
study, the risk for myocardial infarction, stroke and SCD were significantly reduced 
by a reduction in left ventricular mass (LVM).  Left ventricular mass is an indicator of 
LVH that is independent of systolic blood pressure (BP) and treatment administered 
(Devereux et al., 2004).   
 
Left ventricular hypertrophy is the most common cardiac complication caused by 
hypertension (Levy et al., 1990).  Interestingly, morbidity and mortality from 
cardiovascular disease associated with LVH has not been reduced by antihypertensive 
treatment, even though there was a reduction in BP (Koren et al., 1991).  Left 
ventricular hypertrophy has been observed in normotensive patients as well (Levy et 
al., 1990; Schunkert et al., 1999), indicating that LVH is not only due to a pressure 
overload, but can also be attributable to non-haemodynamic factors such as gender 




More effective therapeutic intervention for patients suffering from hypertension can 
therefore only be achieved by means of a better understanding of the underlying 
causes of LVH.  Identification of novel sarcomeric modifiers associated with the 
development of LVH would thus enable an improved risk profiling for susceptible 
patients.  Hypertrophic cardiomyopathy is an inherited cardiac disease which is 
characterised by LVH – seen in hypertensive patients - and is therefore used as a 
model disease to study the molecular mechanisms involved in the development of 
cardiac hypertrophy (Watkins et al., 1995).   
 
1.9 HYPERTROPHIC CARDIOMYOPATHY 
 
Hypertrophic cardiomyopathy (HCM) is the most common form of 
Mendelian-inherited cardiac disease that has effects at molecular, cellular and 
systemic (whole body) levels (Frey et al., 2012).  It was first described by two French 
pathologists in 1869 (Roberts and Marian, 2003).  A defining characteristic thereof is 
primary LVH that occurs when there are no other hypertrophy-predisposing 
conditions present (Keren et al., 2008; Revera et al., 2008); such as increased external 
loading conditions (Marian, 2002; Roberts and Marian, 2003), myocyte loss or gross 
cardiac dysfunction (Roberts and Marian, 2003).  Other clinical characteristics of 
HCM include: diastolic dysfunction, arrhythmias and sudden cardiac death (SCD) 
(Lim et al., 2001; García-Castro et al., 2003; Kaufman et al., 2007; Revera et al., 
2007; Frey et al., 2012).  Sudden cardiac death in people younger than 35 years of 




Population-based clinical studies have indicated the prevalence of HCM to be one in 
500 to one in 1000 people; mostly young adults (Maron et al., 1995; García-Castro et 
al., 2003; Keren et al., 2008; Frey et al., 2012).  Due to HCM penetrance being age 
dependent, a much higher prevalence can be predicted in older patients (Niimura et 
al., 2002).  It has been shown that there is a gender element involved in HCM as the 
prevalence is higher in males than in females, regardless of age (Andersen et al., 
2008; Keren et al., 2008).   
 
Hypertrophic cardiomyopathy is a genetic disorder resulting in the thickening of the 
muscle of the ventricular wall of the heart (Maron et al., 2000; Patel et al., 2001; 
Revera et al., 2007; Revera et al., 2008; Van der Merwe et al., 2008), which leads to 
decreased cardiac output, due to reduced ventricular volume (Figure 1.15).  Cardiac 
mass is increased in HCM due to left ventricular wall thickening that is often 
asymmetric and frequently involves a thickening of the interventricular septum 
(Seidman and Seidman, 2001).  The degree and site of the muscle thickening in HCM 
is extremely variable and inconsistent, which could be due to the locus as well as 
allelic heterogeneity of the disease-causing genes (Wigle et al., 1995; Van der Merwe 
et al., 2008).  The most commonly observed type of asymmetrical hypertrophy is 
ventricular septal hypertrophy; whilst midventricular, apical, right ventricular and 





Figure 1.15.  The pathology of hypertrophic cardiomyopathy.  (A) Post-mortem 
examination of the heart of a patient with hypertrophic cardiomyopathy mutations 
showing vast asymmetrical hypertrophy of the left ventricle, along with related 
decrease in cavity size of the left ventricle, in comparison to a normal heart.  (B) 
Histopathology of heart sections, stained with Masson’s trichrome, indicating the 
difference between a normal heart and the extensive myofibrillar disarray and 
interstitial fibrosis present in hypertrophic cardiomyopathy.  [Taken from Chung et 
al., 2003].   
 
Hypertrophic cardiomyopathy histopathology clearly shows abnormal hypertrophic 
growth of individual myocytes.  Myocyte or myofibrillar disarray (Lim et al., 2001; 
Arad et al., 2002; Blair et al., 2002) and interstitial fibrosis are important diagnostic 
criteria that can also be seen via histological examination (Figure 1.15) (Chung et al., 




Imaging of hypertrophied, nondilated left ventricular (LV) heart chamber by means of 
two-dimensional (2D) echocardiography is the simplest way to make a clinical 
diagnosis of HCM (Maron and McKenna et al., 2003).   
 
The clinical presentation of HCM can vary extensively, with symptoms manifesting 
from extreme hypertrophy with serious complications such as cardiac arrhythmias (a 
disturbance in or loss of regular rhythm) (Dorland’s Illustrated Medical Dictionary, 
2007) and HF (Blair et al., 2002), along with sudden cardiac death (Tsoutsman et al., 
2006).  However, HCM can also present with a form where carriers of a mutation 
have minimal to no symptoms and have a very benign or asymptomatic course, which 
is the reason for many cases of HCM remaining undiagnosed (García-Castro et al., 
2003).  Familial segregation cannot always be determined because the disease tends to 
be intermittent in approximately 50% of known cases (García-Castro et al., 2003; 
Frey et al., 2012).  This could also lead to an underestimation of the percentage of 
familial cases of hypertrophic cardiomyopathy, as there is incomplete penetrance of 
the hypertrophy phenotype in some mutation carriers (García-Castro et al., 2003).   
 
Left ventricular hypertrophy can develop at any age as well as increase or decrease 
dynamically throughout a patient’s life (Maron, 2002).  The HCM phenotype is thus 
not stagnant, as seen in a small subset of HCM subjects who progress to a burned-out 
phase; including features of HF, systolic dysfunction, left ventricular (LV) wall 
thinning and cavity enlargement (Maron et al., 1987; Spirito et al., 1997).  
Progressive cardiac remodelling can also be observed by some HCM subjects 
experiencing a slight regression in LV wall thickness when aging (Spirito and Maron, 
1989).   
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The location of the causal mutations and the influences they have over sarcomeric 
proteins as well as myocytes do not specify the presence or severity of the HCM 
phenotype alone, because modifier genes and non-genetic environmental factors also 
play a role (Marian, 2000).  Elucidation of the molecular pathogenesis of HCM is 
therefore necessary (Roberts and Marian, 2003) to better understand the effects of 
possible modifier proteins.   
 
There is motivation to study the susceptibility to HCM in the South African 
population because this population is host to the largest number of founder mutations 
in the world (Moolman-Smook et al., 2000; Van der Merwe et al., 2008).  It would 
thus serve as the ideal sample group to further investigate HCM as a model for cardiac 
hypertrophy.   
 
1.10 IN THE PRESENT STUDY 
 
The present study is based upon the findings of earlier Y2H studies, which identified 
C-zone titin as an interactor of cardiac myosin binding protein C (cMyBPC), known 
to be HCM causing (De Lange, 2004).  Titin was therefore identified as being an 
HCM modifier protein, with the ability to contribute in a cumulative fashion to the 
HCM phenotype.  The literature shows that mutations within the TTN gene are, 
however, also independently able to cause HCM (Taylor et al., 2011; Frey et al., 
2012; Herman et al., 2012).   
 
Titin is able to sense mechanical stimuli and subsequently change them to 
biochemical signals, like the ones responsible for triggering hypertrophy, due to its 
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location within the sarcomere (Voelkel and Linke, 2011).  Previous research regarding 
the role that titin plays in disease was complicated by the size of titin’s coding region 
(Leinwand et al., 2012) as well as its complex splicing pattern (Short, 2011).  The 
TTN gene has thus been incompletely studied due to technical challenges involved 
with this approximately 100kb coding sequence (Herman et al., 2012; Nowak, 2012).   
 
Further research into the proteins that interact with titin was conducted in the present 
study, in order to elucidate more possible HCM modifier proteins.  However, the 
focus was on the C-zone of the sarcomere, as previous studies on cMyBPC implicated 
titin in interactions within the C-zone, that were likely to play a role in modulating 
HCM (De Lange, 2004).  The study also had to be limited to the C-zone due to titin’s 
enormous size, as this has posed a problem with studying the properties of isolated 
titin in the past (Herman et al., 2012).  Thus, titin interactor proteins are likely to 
function in hypertrophy modulation in HCM as well.   
 
The aim of the study was to identify novel interactors of the 11-domain super-repeat 
region of titin as candidate modifiers (or possible disease causing mutations) of 
hypertrophy in HCM in order to better understand the mechanisms leading to 
hypertrophy in complex disorders.  This aim was achieved by the identification of a 
number of interactors of titin, by means of the yeast two-hybrid system, which were 
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CHAPTER 2: MATERIALS AND METHODS 
 
2.1 THE PRINCIPLE OF THE YEAST TWO-HYBRID METHOD 
 
Yeast two-hybrid (Y2H) is a method to identify protein-protein interactions by means 
of manipulating the GAL4 transcription activator complex.  The GAL4 gene encodes 
the yeast transcription activator protein Gal4.  During normal transcription the 
GAL4-activation domain (AD), which binds to ribonucleic acid (RNA) polymerase 
and the GAL4 deoxyribonucleic acid (DNA) binding domain (BD), forms a 
transcription activator complex (Figure 2.1).  In the Y2H system, the AD and BD are 
separated and fused to proteins that will potentially interact (i.e. a bait-BD fusion 
protein or prey-AD fusion protein) (Figure 2.2).  If a fusion protein cannot activate 
transcription alone, it is able to become a target or “bait” protein, used to screen a 
complementary DNA (cDNA) library of clones by means of identifying other 
interactors or “prey” proteins.  Therefore, transcription of downstream reporter genes 
will only occur if the bait-AD and prey-AD fusion proteins interact with each other, 
thus bringing the AD and BD into close enough proximity to initiate transcription.  In 
the BD Matchmaker™ GAL4-based two-hybrid system (BD Biosciences, Clontech, 
Paulo Alto, CA, USA), the protein of interest is fused to the GAL4-BD and the 
potential interacting proteins are each separately fused to the GAL4-AD.   
 
In the present study, interactions between the potential scaffold region of titin (TTN), 
known to be located within the C-zone of the sarcomere and proteins found in the 
human heart were investigated using the Y2H methodology (Figure 2.3).  The region 
comprising of the 11-domain super-repeat region of TTN (Figure 1.9) was fused to 
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the GAL4 DNA-BD and transformed into the S.cerevisiae strain AH109 yeast.  It was 
subsequently used as “bait” in a Y2H screen of a commercially available Y187 
pre-transformed adult heart cDNA library (pACT2) to identify interacting proteins.  
The Y2H screen enabled the identification of interactions between TTN and putative 
ligands encoded by prey clones contained within the cDNA library.  The mating 
culture (pACT2 heart cDNA in Y187 x pGBKT7-bait construct in AH109) was plated 
onto primary selection agar plates, known as triple dropout (TDO) plates, which 
selected for diploid histidine positive (His
+
) colonies (Section 2.12.6.2).  Thereafter, 
the colonies that grew successfully were subjected to more stringent selection media, 




 colonies (Section 2.12.6.2).  
Finally, the colonies were tested for the expression of the alpha-galactosidase (MEL1) 
reporter gene, by means of an X-alpha-galactosidase (X-α-Gal) assay.  Colonies found 
to be positive for the activation of all three reporter genes showed strong bait-prey 
interactions.  The prey plasmids were then rescued from the diploid colonies by 
means of yeast plasmid purifications and transformed into the yeast strain Y187 
(Section 2.12.8).  Each prey plasmid’s specificity of interactions was further tested by 
means of an interaction specificity test (Section 2.12.9).  Prey colonies that passed all 
three of the reporter activation tests as well as the interaction specificity test were 
sequenced.  The sequences were subsequently aligned against the Genbank DNA 
database (http://www.ncbi.nlm.nih.gov/Entrez) to identify the putative interacting 
prey proteins.  Translated sequences were also aligned to Genbank protein sequences.  
In order to verify and further validate the Y2H results, colocalisation experiments 





Figure 2.1.  Normal transcription.  Transcription factors bind to response elements in 
the DNA and activate transcription via RNA polymerase.  Abbreviations: AD, 
activation domain; BD, DNA binding domain; cDNA, complementary DNA; DNA, 
deoxyribonucleic acid; RNA, ribonucleic acid.   
 
 
Figure 2.2.  The principle of Y2H.  The DNA binding domain (BD) is fused to the 
protein of interest (bait) and the activation domain (AD) is fused to the cDNA of an 
adult human heart cDNA library (prey).  In diploid yeast cells containing bait and a 
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prey plasmid, fusion proteins are expressed and when interaction of the bait and prey 
proteins takes place, the AD and BD come into close enough proximity so as to 
activate the transcription of various reporter genes.  The reporter genes encode 
enzymes required for the production of essential amino acids.  Abbreviations: AD, 
activation domain; BD, DNA binding domain; cDNA, complementary DNA; DNA, 
deoxyribonucleic acid; RNA, ribonucleic acid.   
 
 




2.2 POLYMERASE CHAIN REACTION (PCR) AMPLIFICATION 
 
2.2.1 Oligonucleotide primer design and synthesis 
 
Oligonucleotide primers were designed using sequence data available from the 
Genbank DNA database (http://www.ncbi.nlm.nih.gov/Entrez).  The primers were 
designed using DNAman™ version 4 software (Lynnion Biosoft Corp©) and 
analysed for primer-primer complementarity and self-complementarity as well as 
compatibility of melting temperatures before synthesis, using IDT Scitools software 
(http://eu.idtdna.com/Scitools/Scitools.aspx).  The oligonucleotide primers were 
synthesised according to standard phosphoramidite methodology at the Department of 
Molecular and Cell Biology, University of Cape Town (UCT), South Africa.   
 
2.2.1.1 Primers for the generation of a C-terminal TTN bait insert for Y2H 
analysis 
 
Human cardiac expressed TTN is approximately 34350 amino acids long (ExPASy 
Proteomics Server Swiss Institute of Bioinformatics, 2011).  The DNA sequence of 
TTN was obtained from the Genbank DNA database (accession number CAD12456.1) 
(http://www.ncbi.nlm.nih.gov/Entrez).  Domains A109 to A119 (residues 33791 to 
34350) of TTN were amplified from a TTN open reading frame (ORF) clone 
(ImaGenes GmbH, Berlin, Germany).  The primers were designed to incorporate 
restriction enzyme sequences on the forward (NdeI) and reverse (EcoR1) primers to 
enable the insertion of the amplified product into the pGBKT7 shuttle vector.  The 
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reverse primer also possessed a stop codon.  The primer sequences used for the 
amplification are provided in Table 2.1.   
 
2.2.1.2 Design of vector specific primers for insert screening 
 
Primers were designed that flanked the multiple cloning site (MCS) to amplify 
inserted DNA or putative prey DNA from either the pGBKT7 or pACT2 vectors 
(Appendix IV).  The primer sequences were obtained from the individual vector 
datasheets at www.clontech.com and are summarized in Table 2.1.  Vector-specific 
primers were designed to amplify and sequence the pGBKT7-TTN bait construct as 
well.  The primers were designed and sent to ImaGenes for cloning.   
 
2.2.2 Bacterial colony PCR amplification 
 
Bacterial colony PCR is used to identify bacterial colonies that contain the chosen 
recombinant plasmid.  A single bacterial colony was picked from an agar plate 
containing the appropriate antibiotic and was used as a template in a PCR reaction.  
Vector-specific primers (Table 2.1) were used to amplify the insert, nested within the 
vector.  The PCR reaction mixture was made up as follows: 0.4μM reverse primer, 
0.4μM forward primer, 12.5μL of 2x ReadyMix (1.25U of KapaTaq DNA 
Polymerase, a reaction buffer containing 1.5mM Mg
2+
 and 0.4mM of each dNTP) 
(Kapa Biosystems, Massachusetts, USA), the single of the bacterial colony and sterile 
double distilled water (ddH2O).  PCR amplification was performed in a GeneAmp® 
PCR system 9700 thermal cycler (Perkin-Elmer, Applied Biosystem Inc., Foster City 
CA, U.S.A.).  The cycling parameters were set up as follows: a denaturing step of 
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94°C for five minutes, followed by 30 cycles of amplification consisting of 94°C for 
30s each, appropriate annealing temperature for 30s (see Table 2.1) and an elongation 
step for one minute at 72°C.  The amplification products were visualised by agarose 
gel electrophoresis (Section 2.3.1), including negative controls and 
co-electrophoresed with a 100bp DNA ladder (Promega Corporation, Madison, 
Wisconsin, USA) or with Hyperladder™ I (Bioline UK Ltd, UK).   
 
Table 2.1.  Primer sequences and annealing temperatures used in the construct design 
and amplification of the inserts from cloning vectors.   
Name Sequence  Ta (°C) 
Construct primers for the generation of the Y2H bait insert 
BKA109F 5'-GCCATGGAGCATATGATAGAACTCGATGCTGATCTC-3' 64 
BKA119R 5'-ACTCGAGAATTCCTAACTGGGGTCACTAGCACCAAC-3' 70 
  
 
Vector specific primers – amplification and sequencing of inserts from cloning vectors 
pGBKT7-F 5'-TCATCGGAAGAGAGTAG-3' 50 
pGBKT7-R 5'-TCACTTTAAAATTTGTATACA-3' 51 
  
 
pACT2-F 5'- GATGATGAAGATACCCCAC -3' 65 
pACT2-R 5'- CAGTTGAAGTGAACTTGC -3' 65 
Blue: universal enzyme seat; Red: enzyme restriction site; Green: stop codon; Black: gene specific 
sequences.  Abbreviations: Ta, annealing temperature; °C, degrees Celsius.   
 
2.3 GEL ELECTROPHORESIS 
 
Agarose gel electrophoresis was used to visualize PCR-amplified fragments, to verify 




2.3.1 Agarose gel electrophoresis for the visualisation of PCR-amplified 
products 
 
Verification that PCR amplifications or plasmid preparations were successful was 
performed by agarose gel electrophoresis as follows: 10μL of the PCR product was 
mixed with 3μL bromophenol blue (BPB) loading dye.  The prepared sample was 
loaded into wells of either one or two percent (dependant on the size of the amplified 
fragment) horizontal agarose gel, containing 1μg/mL ethidium bromide (Appendix I) 
and 1x sodium borate (SB) buffer (Appendix I).  All the PCR products were 
co-electrophoresed with a 100bp molecular weight marker (Promega Corporation, 
Madison Wisconsin, USA) or with Hyperladder™ I (Bioline UK Ltd, UK).  
Electrophoresis was done at 10V/cm for 20 minutes in 1x SB running buffer 
(Appendix I).  The DNA fragments were visualized with an ultra-violet (UV) 
transilluminator 20x20 using the G-BOX gel documentation system (Synoptics Ltd, 
Syngene, Cambridge, UK).   
 
2.3.1.1 Agarose gel electrophoresis for the purification of PCR products or 
plasmids purified from E.coli   
 
The PCR amplified product representing the correct base pair (bp) size was 
electrophoresed and then excised from the agarose gel to sequence the TTN 
bait-insert.  For the excision of PCR-amplified products 30μL of the PCR amplified 
fragments were loaded onto a 2% agarose gel, as described in Section 2.3.1.1.  The 
DNA fragments were visualized by means of a 3UV transilluminator (UVP Inc., 
Upland, CA, USA).  The correct sized band was excised from the gel, using a sterile 
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scalpel blade.  The gel band was subsequently purified using the Wizard® SV Gel and 
PCR Clean-up System (Promega Corporation, Madison Wisconsin, USA) (Section 
2.10.2).   
 
2.4 AUTOMATED DNA SEQUENCING 
 
Bidirectional, automated DNA sequencing of PCR-amplified products and cloned 
inserts was done at the Central Analytical Facility (CAF) (University of Stellenbosch) 
on the ABI Prism™ 377 or ABI Prism™ 3100 automated sequencer (P.E. Applied 
Biosystems, Forster City, CA, USA).  Sequencing was used as verification of the 
correct bait construct as well as to determine the nucleotide sequence of the prey 
proteins that interacted with the bait construct.  Primer sequences used in the 
sequencing reactions are shown in Table 2.1.  The sequencing of PCR-amplified 
products’ primers was the same as for the original PCR reaction; whilst the 
vector-specific primers were used for the sequencing of the constructs (Table 2.1).   
 
2.5 ANALYSIS OF DNA SEQUENCES 
 
Bioedit (Ibis Bioscience, Carlsbad, CA, USA) and DNAman™ (Lynnon Biosoft, St. 
Louis, Pointe-Claire, Quebec, Canada) software were used to perform sequence 
analysis.  Sequence analysis permitted the verification of the sequence integrity 
(reading frame and cloning sites) of the TTN bait-insert that was cloned into the 
pGBKT7 vector (Section 2.4) as well as the identification of putative interactor prey 




The nucleotide sequence of the TTN bait-insert, determined by automated sequencing 
(Section 2.4), was compared to cDNA and messenger RNA (mRNA) sequences found 
on the Genbank database (www.ncbi.nlm.nih.gov/Entrez).  A nucleotide Basic Local 
Alignment Search Tool (BLASTn) analysis search of the Genbank database was 
performed with the prey-insert sequences obtained from the Y2H library screen.  The 
insert sequences of the prey clones were translated in the frame determined by the 
previous GAL4AD reading frame (reading frame 1).  The protein sequence was 
subsequently compared to proteins found in public protein databases by means of 
protein BLASTp analysis.   
 
2.6 BACTERIAL STRAIN, YEAST STRAINS AND CELL LINE 
 
2.6.1 Bacterial strain 
 
The E.coli DH5α strain (Appendix III) was routinely used to facilitate the selection, 
amplification and purification of constructs.  Transformed bacterial colonies were 
selected based on their ability to grow on selection plates containing different 
antibiotics.  The shuttle vector, pGBKT7 contains a kanamycin resistant gene and can 
therefore grow on Luria-Bertani (LB) plates containing kanamycin.  pACT2 contains 
an ampicillin resistance gene and bacteria transformed with this vector are therefore 
able to grow on ampicillin containing media.  Recombinant plasmids were previously 






2.6.2 S.cerevisiae yeast strains 
 
The pGBKT7-TTN bait construct was transformed into the S.cerevisiae strain AH109 
(Section 2.9.2).  The clones in the pre-transformed Clontech adult human heart cDNA 
library were transformed into the S.cerevisiae strain Y187 by the manufacturer (BD 
Biosciences, Clontech, Paulo Alto, CA, USA) (Appendix III).   
 
2.6.3 Cell line 
 
The H9C2 cardiac cell line (American Type Culture Collection, Manassas, VA, USA) 
was used for the colocalisation (Section 2.13) verification experiments.  The H9C2 
cells were a subclone of the original clonal line, derived from embryonic BD1X 
Rattus norvegicus deposited as Rattus sp. heart myocardium tissue (ATCC, Manassas, 
VA, USA).   
 
2.7 PREPARATION OF E.coli DH5α COMPETENT CELLS FOR 
BACTERIAL TRANSFORMATIONS 
 
Stock of E.coli DH5α competent cells are kept frozen in 50% glycerol at -80°C.  To 
generate competent E.coli  DH5α cells, 200ul of the above mentioned stock was 
inoculated in 10mL LB media (Appendix I) and incubated overnight at 37°C in a 
YIH DER model LM-530 shaking incubator (SCILAB Instrument Co. Ltd, Taipei, 
Taiwan) at 200 revolutions per minute (rpm).  After incubation, 300µL of the 
overnight starter culture was inoculated into a sterile 2L Erlenmeyer flask containing 
200mL LB media.  The culture was incubated at room temperature for 16 hours whilst 
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shaking at 100 rpm.  The following morning the optical density (OD) was measured at 
600nm (OD600).  Once the OD600 reached 0.6 (indicating that the cells were in mid log 
phase), the culture was transferred to four separate 50mL polypropylene centrifuge 
tubes and centrifuged in a Beckman model TJ-6 centrifuge (Beckman Coulter, 
Scotland, UK) for 10 minutes at 3000 rpm.  The supernatant was discarded and 8mL 
of ice-cold CAP buffer (Appendix I) was added to each tube to resuspend the pellets.  
The cells were re-pelleted by centrifugation at 3000 rpm for 10 minutes.  The 
supernatant was again discarded and 4mL of ice-cold CAP buffer was added to 
resuspend each pellet.  Two hundred microliters aliquots of the suspended cell 
mixtures were then pipetted into 2mL reaction tubes.  The aliquots were stored 
overnight at 4°C in an ice box.  The next morning the competent cells were stored at 
-80°C until required for further experiments.   
 
2.8 CULTURING OF H9C2 CELL LINE 
 
2.8.1 Culture of H9C2 cells from frozen stocks 
 
2.8.1.1 Thawing the H9C2 cells 
 
Frozen stocks of H9C2 cells were thawed by rapidly immersing the vials into a 37°C 
water bath (Memmert®, Scwabach, Germany) for 10 minutes.  Once thawed, the 





2.8.1.2 Removing dimethyl sulfoxide (DMSO) from stocks and culturing H9C2 
cells 
 
It is essential to remove the DMSO from the frozen cell stocks to ensure maximum 
viability of the cells upon plating.  DMSO was removed as follows: 1mL of complete 
growth media (Appendix I), pre-heated to 37°C, was added to the thawed cell stocks 
and mixed by gentle pipetting.  This mixture was transferred to a 12mL Greiner tube 
(Greiner Bio-one, Frickenhausen, Germany) and an additional 5mL of growth media 
was then added.  The cells were pelleted by centrifugation at 1000 rpm for three 
minutes using a Sorval® GLC-4 General Laboratory centrifuge (Separations 
Scientific, Johannesburg, RSA) and the supernatant was removed thereafter.  The 
pellet was resuspended in 5mL growth media and centrifuged at 1000 rpm for one 
minute.  The pellet was finally resuspended in 10mL growth media and transferred 
into a T25 culture flask.  The H9C2 cells were then spread evenly over the growth 
surface of the culture flask and subsequently incubated in a Farma-thermosteri-cycle 
5% carbon dioxide humidified incubator (Farma International, Miami, Florida, USA).   
 
2.8.1.3 Sub-culturing of H9C2 cells 
 
The H9C2 cells were split every two to four days, until a confluency of approximately 
70-80% was achieved.  The cells were split into multiple flasks as follows: the growth 
media from the flask was removed, the adherent cells were washed with sterile 







(Cambrex, Walkerville, MD, USA).  In order to detach the cells from the surface of 
the flask, 2mL of trypsin (Highveld Biological, Lyndhurst, RSA) was added to the 
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flask.  The cells were left to incubate at room temperature for five minutes with the 
trypsin.  Thereafter, 5mL of growth media was added and the detached cells were 
gently resuspended in this volume.  The cells were subsequently transferred to a 
12mL Greiner tube and pelleted by centrifugation at 1000 rpm for three minutes in a 
Sorval® GLC-4 General Laboratory centrifuge.  After the centrifugation, the cells 
were resuspended in 10mL complete growth media (Appendix I) and transferred to 
four other flasks, each containing 10mL growth media.   
 
2.9 TRANSFORMATION OF PLASMIDS INTO E.coli AND S.cerevisiae 
CELLS 
 
2.9.1 Bacterial plasmid transformation 
 
Competent E.coli DH5α cells were removed from the -80°C freezer and allowed to 
thaw on ice for approximately 20 minutes.  One tube, containing 200uL of competent 
cells (Section 2.7), was used per bacterial transformation.  When the cells were 
completely thawed, 1µL of plasmid preparation (Section 2.10.1), was added to the 
competent cells and gently mixed.  The mixture was incubated on ice for 25 minutes, 
followed by incubation in a Memmert water bath (Memmert 854, Schwabach, 
Germany) at 42°C for precisely 45 seconds.  The sample was removed from the water 
bath and kept at room temperature for two minutes.  Subsequently, 1mL of LB media 
(Appendix I) was added to the mixture and it was incubated in a YIH DER model 
LM-530 shaking incubator (SCILAB instrument CO. Ltd, Taipei, Taiwan) at 37°C for 
one hour at 200 rpm.  Two hundred microliters of the incubated mixture was 
subsequently plated onto LB agar plates, containing the appropriate selection 
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antibiotics.  The plates were inverted and incubated overnight in an un-I-trol CO2 
incubator, model 329 (Forma Scientific, Ohio, USA).   
 
2.9.2 S.cerevisiae plasmid transformations 
 
The yeast strain to be transformed (either AH109 or Y187) was streaked onto yeast 
peptone dextrose adenine (YPDA) agar plates and incubated (Sanyo, Electronic 
Company Ltd, Ora-Gun, Japan) at 30°C for three to four days.  A volume representing 
20-50uL of yeast cells was picked and resuspended by vortexing in 1mL sterile 
ddH2O.  The cells were pelleted for 30 seconds at 15000 rpm (Hermle Labortechnik, 
Wehingen, Germany).  The H2O was removed and the pellet resuspended in 1mL 
100mM lithium acetate (LiAc) (Appendix I) then incubated at 30°C for five minutes 
in a 311 DS incubator (Labnet International Inc., Edison, NJ, USA).  The 1mL 
suspension was split into three 2mL reaction tubes.  The yeast cells were then pelleted 
by centrifuging for 30 seconds at 15000 rpm.  The LiAc was removed from each 
pellet with a pipette.  The following was then sequentially added, as quickly as 
possible, to the pellet: 240uL 50% polyethylene glycol (PEG) (Appendix I), 36uL 
1M LiAc (Appendix I), 25uL of 2mg/mL snap-cooled sonicated herring sperm DNA 
(Promega, Madison WI, USA), 10-20 uL of the plasmid and 29-39uL of sterile ddH2O 
(depending on how much plasmid was added, so that plasmid + H2O = 50µL), so as to 
bring the mixture to a final volume of 350uL.  The transformation mixture was 
thoroughly vortexed for at least one minute then incubated in a Lasec 102 circulating 
water-bath (Lasec Laboratory and Scientific Company Pty Ltd, Cape Town, R.S.A) at 
42°C for 25 minutes.  After the incubation, the samples were pelleted for 30 seconds 
at 15000 rpm and the supernatant was removed.  The pellet was then resuspended in 
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250uL sterile Millipore water.  150uL of this mixture was then plated onto appropriate 
selection agar plates (SD
-Trp
 for bait plasmid/pGBKT7; SD
-Leu
 for library/prey 
plasmids) (Appendix IV).  Following plating, the plates were inverted and incubated 
at 30°C for two to five days in a Sanyo MIR262 stationary gravity ventilated 
incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan).   
 
2.10 DNA EXTRACTION 
 
2.10.1 Bacterial plasmid purification using TOpure™ Plasmid Miniprep 
Purification Kit 
 
A single E.coli colony, harbouring the plasmid of interest, was picked from an 
appropriate selection plate.  The colony was then inoculated into 10mL of LB media, 
which was supplemented with appropriate antibiotic (Appendix I) in a 50mL 
polypropylene centrifuge tube.  The culture was incubated at 37°C (shaking at 
250rpm) overnight in a YIH DER model LM-530 shaking incubator (SCILAB 
instrument CO. Ltd, Taipei, Taiwan).   
 
The following morning, the culture was centrifuged for ten minutes at 3000 rpm in a 
Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, UK).  Four hundred 
microlitres of the supernatant was used to resuspend the E.coli pellet.  The plasmid 
DNA was extracted using the TOpure™ Plasmid Miniprep Purification Kit (Gene 
Tech, Hong Kong), by following the manufacturer’s instructions.  The plasmid DNA 
was eluted in 30-50uL of the DNA elution buffer, dependent upon the required 
concentration.  The concentration of each plasmid was then determined using the 
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Nanodrop model 1000 (Thermo Fisher Scientific, Waltham, MA, USA) and the 
plasmids stored at -20°C until needed for further experiments.   
 
2.10.2 Purification of DNA by means of Wizard® SV Gel and PCR Clean-up 
system 
 
PCR-amplified DNA products were purified to obtain DNA products of suitable 
quality for sequencing.  The previously PCR-amplified products were gel-purified as 
follows: the applicable PCR-amplified DNA product was electrophoresed in a 1% 
agarose gel and viewed under UV light.  The appropriate fragments were excised 
from the gel using a sterile blade.  The excised fragments were then melted at 65°C in 
a waterbath, in membrane binding solution (10μL of membrane binding solution per 
10mg of agarose gel slice).  The DNA was then extracted from the solution using the 
Wizard® SV Gel and PCR Clean-up System, following the manufacturer’s 
instructions (Wizard® SV Gel and PCR Clean-up System, Promega Corporation, 
Madison Wisconsin, USA).  The process was similar for PCR reaction fragments 
besides that the PCR reaction was directly mixed with membrane binding solution in a 
1:1 ratio.   
 
2.10.3 S.cerevisiae plasmid purification 
 
Yeast cells containing the plasmid of interest were inoculated into 1mL synthetic 
dropout (SD) media, containing the appropriate dropout supplement (BD bioscience, 
Clontech, Paulo Alto, CA, USA).  The culture was then incubated overnight at 30ºC 
and 150 rpm in a Labnet shaking incubator model 331DS (Labnet international, New 
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Jersey, U.S.A).  Four millilitres of YPDA media was added early the following 
morning and the culture was incubated for a further four hours at 30ºC.  The cultures 
were then centrifuged in a Beckman model TJ-6 centrifuge (Beckman Coulter, 
Scotland, UK) for ten minutes at 3000 rpm.  The supernatant was discarded and the 
culture resuspended in the residual liquid volume.   
 
The following was subsequently added to a 2mL reaction tube: 200uL of yeast lysis 
buffer (Appendix I), 200uL of phenol:chloroform:isoamyl alcohol 25:24:1 (PCI) 
(Sigma-Aldrich, St. Louis Missouri, USA), 0.3g glass beads of diameter 450-600 μM 
as well as the above mentioned concentrated culture.  The yeast cells were ground-up 
by vortexing the mixture for two and a half minutes and then centrifuging them at 
15000rpm for five minutes in a Hermle model Z233M-2 centrifuge (Hermle 
Labortechnik, Wehingen, Germany) to separate the plasmid from the cell debris.  The 
top aqueous layer was subsequently transferred to a new 1.5mL reaction tube and 
purified using the Wizard® SV Gel and PCR Clean-up System (Promega 
Corporation, Madison Wisconsin, USA) as described in Section 2.10.2.   
 
2.11 VERIFICATION OF THE INTEGRITY OF THE Y2H CONSTRUCT 
 
2.11.1 Phenotypic assessment of the S.cerevisiae strains 
 
The yeast strains used during Y2H analysis have to be assessed phenotypically before 
they acquire vectors via transformation (Table 2.2).  The yeast strains AH109 and 











).  The viability of the yeast strains was 
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assessed after four days.  Both untransformed AH109 and Y187 are meant to thrive 
upon only SD
-Ura








 (Table 2.2).  









, but were able to grow on SD
-Ura
 were then used for the transformations with 
the bait vector as well as the subsequent Y2H analysis (Section 2.12).   
 
Table 2.2.  Phenotypic assessment of the untransformed S.cerevisiae strains, grown 
on specific SD selection media.   
 












AH109 - - - - + 
Y187 - - - - + 
Abbreviations: SD, synthetic dropout; - = no growth; + = growth 
 
2.11.2 Test for autonomous reporter gene activation 
 
The S.cerevisiae AH109 yeast strain, transformed with the pGBKT7-TTN bait 
construct (Section 2.9.2), was assessed to ensure that the bait construct did not 
autonomously activate the ADE2 and Imidazoleglycerolphosphate dehydratase (HIS3) 
reporter genes.  Autonomous activation of the reporter genes would result in a very 
large number of false positive interactions being detected during the Y2H screen and 
the bait would thus not be able to be used in a library screen.  The test was done by 
means of streaking pGBKT7-TTN transformed and untransformed S.cerevisiae 
















 plates (Table 2.3).   
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Table 2.3.  Test for autonomous reporter gene activation by the pGBKT7-TTN bait 
construct.   
  












AH109 - - - - + 
AH109 transformed with pGBKT7-TTN - - - + + 
Abbreviations: SD, synthetic dropout; - = no growth; + = growth 
 
2.11.3 Test for toxicity of the bait protein for the transformed S.cerevisiae 
 
It is necessary to establish whether the pGBKT7-TTN bait construct is toxic to the 
AH109 yeast strain before beginning with the Y2H screen.  To accomplish this, a 
linearized growth curve that compares the growth of the AH109 host strain containing 
the pGBKT7-TTN bait construct with the growth of AH109 that has been transformed 
with the empty pGBKT7 vector (non-recombinant vector control) and 
non-transformed AH109.   
 
The experiments were carried out parallel to one another under the same experimental 
conditions.  The transformed and non-transformed AH109 yeast strains were 
incubated in 50mL polypropylene centrifuge tubes containing SD
-Trp
 media in a YIH 
DER model LM-510R shaking incubator (SCILAB Instrument Co. Ltd, Taipei, 
Taiwan) set to 30°C and 200 rpm.  They were grown for 24 hours to stationary phase.  
A 1:10 dilution of the each primary cultures was then made in SD
-Trp
 and incubated 
for an additional 24 hours at 30°C and 200 rpm in a YIH DER model LM-510R 
shaking incubator (SCILAB Instrument Co. Ltd, Taipei, Taiwan).  OD600 readings 
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were recorded every two hours for an eight hour period during incubation.  One 
24 hour reading was also documented.   
 
The data was graphically represented as the log of the OD600 readings versus time.  
The gradient of the graphs for the recombinant and non-recombinant transformants 
were compared.   
 
2.11.4 Testing of mating efficiency 
 
The purpose of the mating efficiency test is to determine whether the bait construct 
negatively affects the mating efficiency of AH109.  Small scale mating experiments 
were performed and compared to controlled mating experiments (Table 2.4).   
 
During the test mating experiments, the AH109 transformed with the pGBKT7-TTN 
bait construct was mated with the prey host strain: Y187 transformed with 
non-recombinant prey vector pACT2 or a control prey vector pTD1.1 (BD 
Bioscience, Clontech, Paulo Alto, CA, USA).  Concurrent control matings were also 
performed in which the yeast strain AH109 was transformed with non-recombinant 
pGBKT7 or the control pGBKT7-53 vector (BD Bioscience, Clontech, Paulo Alto, 
CA, USA) and mated with the prey host strain: Y187 transformed with 
non-recombinant prey vectors pACT2 or the Clontech pTD1.1 control vector, each 






Table 2.4.  Mating efficiency test of S.cerevisiae AH109 (pGBKT7-TTN).   
Category Mating 
Bait mating (1) pGBKT7-TTN (bait)      X      pACT2 (prey) 
Bait mating (2) pGBKT7-TTN (bait)      X      pTD1.1 (prey) 
Compatible control mating (1) pGBKT7-53 (bait)         X      pACT2 (prey) 
Compatible control mating (2) pGBKT7-53 (bait)         X      pTD1.1 (prey) 
 
Experimental procedure: The various yeast strains were plated onto the appropriate 
nutritional selection plates (AH109 pGBKT7-TTN bait construct, AH109 pGBKT7 
bait vector and pGBKT7-53 were all grown on SD
-Trp
; Y187 pACT2 and Y187 
pTD1.1 were grown on SD
-Leu
).  The plates were then incubated for two to five days 
in a stationary gravity ventilated incubator (Sanyo, Electronic Company Ltd, 
Ora-Gun, Japan).  A single colony from these plates was used for each of the test 
mating experiments: the yeast strains were mated in 2mL reaction tubes containing 
1mL of YPDA media (Appendix I) (Table 2.4) and incubated at 30°C in a 311 DS 
incubator (Labnet International Inc., Edison, NJ, USA), shaking overnight at 150 rpm.  
Serial dilutions (1:10; 1:100; 1:1000; 1:10 000) of the mating cultures were made the 






 and subsequently 
incubated for four to five days at 30°C in a Sanyo MIR262 stationary gravity 
ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan).  The colonies 
on each plate were counted after incubation and used to calculate the mating 






2.12 YEAST TWO-HYBRID ANALYSIS 
 
2.12.1 Adult human cardiac cDNA library 
 
Pre-transformed Matchmaker™ human heart cDNA library (BD Biosciences, 
Clontech, Paulo Alto, CA, USA.), consisting of S.cerevisiae Y187 transformed with a 
human heart cDNA library, was used for the Y2H experiments.   
 
2.12.2 Establishment of the bait culture 
 
A colony of AH109 that was transformed with the pGBKT7-TTN bait construct 
(Section 2.9.2) was streaked onto SD
-Trp
 plates.  After the yeast had grown, four 
single colonies were picked and inoculated into four 500mL Erlenmeyer flasks, each 
containing 50mL SD
-W
 media.  It was necessary to inoculate four flasks to enable 
pooling of the initial cultures and forming a final bait culture with a titre of at least 
1x10
10
.  This translates into a 100 times excess of bait to prey ratio, thus facilitating a 
high mating efficiency.  The cultures were incubated at 30°C overnight in a YIH DER 
model LM-510R shaking incubator (SCILAB Instrument Co. Ltd, Taipei, Taiwan), 
shaking at 200 rpm.  The cultures were decanted into four separate 50mL 
polypropylene tubes the following morning and centrifuged at 3000 rpm for ten 
minutes at room temperature in a Beckman model TJ-6 centrifuge (Beckman Coulter, 
Scotland, UK).  The supernatants were discarded and the pellets combined and then 
resuspended in 50mL SD
-Trp
 media.  The entire culture was then transferred to a 
500mL Erlenmeyer flask and incubated for 16 hours in a YIH DER model LM-510R 
shaking incubator (SCILAB Instrument Co. Ltd, Taipei, Taiwan) at 30°C and 200 
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rpm.  The titre of the bait culture was determined by measuring the OD600 reading of 
1mL of the culture after incubation.  A haemocytometric cell count was also 
performed so as to confirm the spectrophotometric reading.  The Neubauer 
haemocytometer (Superior, Berlin, Germany) was used for the calculation of the bait 
culture titre.  The following formula was used to determine the number of cells per 
millilitre:  
Number of cells/mL = number of cells x dilution factor x 10
4
 (constant value; the 
depth of the haemocytometer is 0.1mm) 
 
The final 50mL of bait culture was centrifuged at 3000 rpm for ten minutes in a 
Beckman model TJ-6 centrifuge (Beckman Coulter, Scotland, UK).  The supernatant 
was removed and the pellet was subsequently resuspended in 1mL SD
-Trp
 media.  Ten 
microlitres of this culture was set aside for the control mating experiment.   
 
2.12.3 The library mating 
 
The pre-transformed adult human heart cDNA library was removed from the -80°C 
freezer and left for a while to thaw slowly at room temperature.  Once thawed, the 
library tube was vortexed and a 10μL aliquot of the library was set aside for the 
library titre.  The pGBKT7-TTN transformed AH109 pellet was added to 45mL of 
2xYPDA media (Appendix I) in a 2L Erlenmeyer flask.  The remaining 990µL of 
pre-transformed cDNA library was added to the same Erlenmeyer flask.  The library 
mating culture was incubated overnight in a 311 DS incubator (Labnet International 




The mating culture was transferred to a sterile 50mL polypropylene centrifuge tube 
the following morning and centrifuged at 3000 rpm for five minutes in a Beckman 
model TJ-6 centrifuge (Beckman Coulter, Scotland, UK) to pellet the cells.  The 2L 
Erlenmeyer flask used during the mating was rinsed twice with 40mL 2xYPDA media 
(Appendix I) and used to resuspend the mating culture pellet.  Each time, the cells 
were re-pelleted by centrifuging at 3000 rpm for ten minutes.  After the final 
centrifugation step, the supernatant was discarded and the pellet resuspended in 15mL 
of 0.5xYPDA media (Appendix I).   
 
Library mating efficiency was determined by plating serial dilutions of a 100μL 






 agar plates 
(Appendix I).  The rest of the mating culture was plated onto TDO media (lacking 
leucine, tryptophan and histidine) plates (140mm) in 250μL aliquots.  The plates were 
inverted and incubated at 30°C for two weeks in a Sanyo MIR262 stationary gravity 
ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan).   
 
2.12.4 Establishment of a library titre 
 
To determine the number of library plasmids screened, serial dilutions of the mating 






 agar plates, inverted and then 
incubated in a Sanyo MIR262 stationary gravity ventilated incubator (Sanyo, 
Electronic Company Ltd, Ora-Gun, Japan) for four days.  Colony counts were 
performed on the different plates in order to calculate the mating efficiency of the 
library mating as well as to calculate the number of library plasmids screened 
(Appendix II).   
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2.12.5 Control mating 
 
Control matings were established alongside the library matings so as to assess 
whether the recombinant pGBKT7-TTN bait construct, transformed into the yeast 
strain AH109, had any negative effects on the yeast’s ability to mate with the Y187 
library strain.  A 10μL aliquot of the bait culture and a single prey colony were 
co-inoculated in 1mL 0.5xYPDA, containing 10μg/mL kanamycin, in a 2mL tube.  
The culture was incubated for 24 hours in a YIH DER model LM-530 shaking 
incubator, set to 30°C and 200 rpm.  Serial dilutions (1:10; 1:100; 1:1000; 1:10 000) 






 agar plates the following day and 
incubated for four days in a Sanyo MIR262 stationary ventilated incubator.  Four days 
later, the colonies were counted and the mating efficiency was calculated 
(Appendix II).  Control preys included non-recombinant pACT2 transformed into 
Y187 and the pTD1.1 control vector supplied by Clontech.   
 
2.12.6 Detection of the activation of nutritional reporter genes 
 
2.12.6.1 Selection of transformed S.cerevisiae colonies 
 
The pGBKT7 bait vector contains the gene for the amino acid tryptophan.  Therefore, 
yeast transformed with the pGBKT7-TTN bait construct can be selected for by plating 
on SD
-Trp
 plates.  The plates were incubated in a Sanyo MIR262 stationary gravity 
ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan) for four to six 
days.  Colonies that grew successfully were selected and used for bait cultures and 
library matings.   
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2.12.6.2 Selection of diploid S.cerevisiae colonies containing putative interactor 
peptides 
 
Colonies were plated onto TDO and quadruple dropout (QDO) agar plates in order to 
identify diploid yeast colonies in which an interaction between TTN and a prey protein 
had taken place.  Colony growth on TDO agar plates indicated the activation of the 
nutritional HIS3 reporter gene.  Growth of colonies on QDO plates indicated the 
activation of both the HIS3 and ADE2 nutritional reporter genes.  Activation of these 
nutritional reporter genes indicates an interaction between the TTN bait protein and 
the prey proteins.   
 
The library mating culture was initially plated onto 140mm TDO plates and incubated 
for two weeks in a Sanyo MIR262 stationary gravity ventilated incubator (Sanyo, 
Electronic Company Ltd, Ora-Gun, Japan).  The growth of the yeast on the TDO 
plates was checked regularly (every day) and colonies >2mm were selected and 
subsequently transferred onto QDO plates (Appendix I).  The colonies on the QDO 
plates were incubated for three to six days at 30°C in a Sanyo MIR262 stationary 
gravity ventilated incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan).  The 
colour and growth of the colonies on QDO plates was monitored.  Colonies that 
thrived on the QDO media were selected and subsequently transferred to QDO plates 
containing X-α-galactose (X-α-Gal).  The reporter gene MEL1 encodes the protein 
α-galactosidase, which is able to hydrolyse X-α-gal and produce a blue signal.  
Colonies were incubated on QDO plates containing X-alpha-gal for three to six days 




2.12.7 Detection of the activation of colourimetric reporter genes by means of 
X-α-Galactosidase assay 
 
The activation of the MEL1 reporter gene indicates the putative interaction between 
the bait and a prey protein.  MEL1 encodes the enzyme α-galactosidase and its 
activation can be observed by performing an X-α-galactosidase assay.  The 
α-galactosidase produced from the activation of MEL1 hydrolyses the X-α-Gal 
(5-Bromo-4-chloro-3-indolyl-α-D-galatopyranoside) in the plates, causing the yeast 
colonies to turn a distinctive blue colour.   
 
Colonies that showed activation of HIS3 and ADE2 reporter genes on QDO agar 
plates (lacking histidine and adenine) were transferred to QDO plates containing 
20mg/mL of X-α-GAL solution (BD biosciences, Clontech, Palo Alto, CA, USA).  
The plates were incubated at 30°C in a Sanyo MIR262 stationary gravity ventilated 
incubator (Sanyo, Electronic Company Ltd, Ora-Gun, Japan) for three to five days.  
After the incubation, the intensity of the blue colour in the yeast colonies that had 
been able to activate the MEL1 reporter gene was assessed visually.   
 
2.12.8 Rescuing of prey plasmids from diploid colonies 
 
From the diploid (pGBKT7-TTN and prey pACT2 plasmids) yeast colonies that 
activated all three reporter genes (HIS3, ADE2 and MEL1), the individual preys had to 
be isolated.  The plasmid isolation facilitates the identification of the interactor 
proteins as well as to allow for the assessment of the specificity of the protein-protein 
interactions (Section 2.12.9).   
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Plasmid DNA was isolated from the yeast using the yeast plasmid purification method 
described in Section 2.10.3 and subsequently transformed into competent E.coli 
DH5α cells, as described in Section 2.9.1.  The transformed E.coli were inoculated 
overnight in LB/Amp liquid medium (prey vector contains ampicillin resistance gene) 
(Section 2.12.8).  Only the E.coli transformed with the prey plasmid would survive 
and grow in the LB/Amp liquid medium culture.  The isolated prey plasmids were 
purified from the E.coli (Section 2.10.1) and transformed into the Y187 yeast strain as 
described in Section 2.9.2.   
 
2.12.9 Interaction specificity testing - exclusion of non-specific bait and prey 
interactions 
 
Interaction specificity tests were performed to determine whether the interaction 
detected by the Y2H analysis was specific between the pGBKT7-TTN bait construct 
and a particular prey peptide.  The Y187 yeast, transformed with the isolated prey 
plasmids were individually mated with: yeast strain AH109 transformed with the 
pGBKT7-TTN construct; AH109 transformed with non-recombinant pGBKT7; 
AH109 transformed with the pGBKT7-53 control bait-plasmid, encoding murine p53 
tumour suppressor protein (BD Bioscience, Clontech, Palo Alto, CA, USA), as well 
as AH109 transformed with a heterologous bait, namely SLITRK.  SLITRK is 
expressed primarily in the brain, but may also show differential expression in other 
normal tissues and nervous system-derived tumours, thus it was a good control 
because it is not expressed in the heart.  After selection for the expression of both bait 
and prey proteins, the diploid clones were plated onto TDO and QDO plates to test for 
the activation of nutritional reporter genes.  The interaction specificity test determines 
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whether the prey peptides interacted with some or all of the heterologous baits or only 
with the TTN bait.  Clones that only interacted with the TTN bait were considered to 
be possible putative interactors.  These clones were thus sequenced so as to determine 




Colocalisation experiments were performed in order to confirm that two proteins (the 
bait protein and the various preys that were identified) are indeed localised to the 
same subcellular compartment, under representative cellular conditions.  Proteins of 
interest were labelled with antibodies directed against each specific protein and 
fluorescently conjugated secondary antibodies were used for visualisation.   
 
2.13.1 Immunostaining procedure 
 
H9C2 cells were grown on sterile glass coverslips by seeding 40 000 cells per 
coverslip, placed inside 30mm culture dishes (Greiner Bio One, Cellstar, North 
Carolina, USA).  The cells were maintained at 37°C and 5% CO2 in Dulbecco’s 
modified Eagle’s medium (DMEM) (Lonza Walkerville Inc., Maryland, USA) 
supplemented with 10% fetal calf serum (Gibco, Invitrogen Corporation, Carlsbad, 
CA, USA), 4% glutamine and 1% penicillin/streptomycin (Gibco, Invitrogen 
Corporation, Carlsbad, CA, USA).  One day later, or after the cells had grown to a 
confluency of 80%, the media was changed to differentiation media, containing 
DMEM with added 1% horse serum as well as 1% penicillin/streptomycin antibiotic.  
They subsequently were differentiated for seven to ten days in the same 
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differentiation media.  The differentiation media was changed on the seventh day, in 
the event that the cells needed to be differentiated for longer.  This differentiation was 
performed so that the cells could develop sarcomeric structures and express the 
protein titin, as well as other possible proteins of interest.  The media was monitored 
to prevent contamination by means of checking daily under a light microscope and 
was changed during this time if necessary.  After the cells had been differentiated, the 
media was removed and they were washed with PBS (Appendix I).   
 
The cells were alcohol fixed/permeabilized by immersing the coverslips carrying the 
H9C2 cells in absolute methanol for five minutes at -20°C.  The methanol was 
removed and a second fixation step performed by immersing the coverslips in 4% 
formaldehyde, made up in PBS (2.7mL of 37% formaldehyde in 22.3mL of PBS) for 
five minutes at room temperature.  The cultures were then washed in PBS three times, 
each time for ten minutes at room temperature (removing the PBS between each step).  
The coverslips were removed from the culture dishes and placed with the cells facing 
upward onto pre-labelled temporary glass slides that had been covered with Parafilm 
M laboratory film (Pechiney Plastic Packaging, Chicago, IL. 60631) (prevents the 
liquid on each coverslip from running off).  The cells were then incubated with a 
blocking solution of normal donkey serum (Santa Cruz Biotechnology, CA. USA), 
diluted 1:9 donkey serum:PBS, to reduce non-specific staining, for one hour at room 
temperature in a humidified chamber (to prevent coverslips from drying).  The donkey 
serum was subsequently drained.  Thereafter, the cells were incubated overnight with 
the appropriate pair of primary antibodies, diluted in PBS (Table 2.5) and sealed in a 
humidified chamber at 4°C.  These pairs of antibodies were combinations of bait and 
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prey antibodies.  Primary antibody concentrations needed to be optimised, but the 
ratios in Table 2.5 were the ones used during the final colocalisation experiments.   
 
Table 2.5.  Antibody properties of the primary bait and prey antibodies used during 
the colocalisation analysis.   
































































Abbreviations: TTN, titin; FLNC, filamin C; PEBP4, phosphatidylethanolamine-binding 
protein 4; H-FABP3, heart-type fatty acid binding protein 3; MYOM2, myomesin 2; 
MYOM1, myomesin 1.   
Stellenbosch University http://scholar.sun.ac.za
86 
Table 2.6.  Excitation and emission spectra of the secondary antibodies used during 




Excitation Emission Colour 
TTN 
Donkey-anti-
mouse Alexa 488 








550nm 570nm Red 
Abbreviations: nm, nanometre; TTN, titin; FLNC, filamin C; PEBP4, 
phosphatidylethanolamine-binding protein 4; H-FABP3, heart-type fatty acid binding 
protein 3; MYOM2, myomesin 2; MYOM1, myomesin 1.   
 
The following morning, the cells were washed with PBS three times, each time for ten 
minutes at room temperature (draining the PBS between each step).  The cells were 
incubated with light sensitive secondary antibodies for 90 minutes at room 
temperature in a humidified chamber in the dark.  Donkey-anti-mouse Alexa 488 was 
used for the titin bait antibody and donkey-anti-rabbit Cy3 was used for the preys 
(Table 2.6).  Both secondary antibodies were diluted 1:500 in PBS.  The cells were 
washed again with PBS three times, each time for ten minutes at room temperature 
(draining the PBS between each step), whilst being kept in the humidified chamber in 
the dark.  Counterstaining for ten minutes with 10mg/mL Hoechst 33342, 
trihydrochloride, trihydrate (molecular weight: 615.99; catalogue number: H1399) 
(Invitrogen™ Life Technologies, South Africa) nuclear stain, diluted 1:200 in PBS, 
was then performed in a humidified chamber in the dark.  The fluorescence 
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excitation/emission when the Hoechst is bound to double stranded DNA: 350/461nm.  
The coverslips were washed one final time with PBS at room temperature in the 
humidified chamber.  The coverslips were subsequently mounted with the cells facing 
downward onto pre-labelled, ethanol cleaned glass slides.  Mowiol (containing 
n-propylgallate as anti-fading agent), that had been centrifuged at maximum speed for 
one minute so as to spin down the anti-fading agent, was used as mounting media and 
sealant.  The slides were then stored at room temperature in the dark for an hour so 
that the Mowiol could set.  Thereafter, the slides were stored at 4°C until viewing.   
 
The cells were observed at the University of Cape Town’s department of Human 
Biology by means of the LSM 510 META with NLO (NLO = two photon laser) 
confocal microscope (Carl Zeiss, Germany) system.  The confocal microscope is 
completely different from wide-field fluorescence microscopes.  There is no camera 
involved, but the confocal microscope has photomultiplier tubes (PMTs) that detect 
the signals.  The confocal microscope is a laser scanning microscope with a spectral 
detector and a pin hole that allows only the light that is in focus to be detected.  It is 
therefore much better than a normal fluorescence microscope, which is a wide-field 
system, where the out of focus light blurs the image.  This is thus eliminated with the 
confocal system.   
 
The protein interactions were observed using the following lasers: Argon gas laser for 
the green emission (488nm line), solid state red laser at 561nm for red Cy3 
phlorophore detection and MaiTai DeepSee 2 photon (infrared pulsed in femto 
seconds) laser at 750nm for acquiring the blue nuclear images.  Emission was 
collected using a 63x/1.4 DIC (numerical aperture: 1.4; DIC = differential 
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interference contrast white light image) objective.  The Zeiss LSM and ZEN 2009 
software programmes were used for the image acquisition and analysis.  Colocalised 
images were produced and based on the image data; colocalisation was calculated 
using the ZEN 2009 colocalisation analysis tool.  The two fluorescent signals (bait 
and prey) to be measured were activated, the threshold was set and colocalisation was 
displayed as a new false colour image so as to determine whether the bait and various 
prey signals were indeed colocalised to the same subcellular compartment.  Images 
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CHAPTER 3: RESULTS 
 
3.1 YEAST TWO-HYBRID ANALYSIS 
 
3.1.1 Generation of Y2H construct 
 
3.1.1.1 Sequence analysis of pGBKT7-TTN bait construct 
 
The sequence integrity of the pGBKT7-TTN clone obtained from ImaGenes was 
assessed by automated sequencing. Analysis of the sequence showed that the 
pGBKT7-TTN construct was in the correct reading frame and the nucleotide sequence 
was intact.   
 
3.1.2 Verification of the integrity of the Y2H construct by assessment of 
S.cerevisiae AH109 bait strain 
 
The pGBKT7-TTN bait construct was transformed into the S.cerevisiae yeast strain 
AH109 (Section 2.9.2), to be used during the yeast two-hybrid library screen.  
Successful transformants were identified by their ability to grow on SD
-Trp
 agar plates.  
The pGBKT7-TTN bait construct was subsequently assessed to determine whether it 
was able to autonomously activate the reporter genes, as well as to determine whether 






3.1.2.1 Auto-activation test 
 
The pGBKT7-TTN bait construct did not autonomously activate expression of the 







agar plates.  The presence of growth of transformed S.cerevisiae AH109 cells on 
SD
-Ura
 indicated that the phenotype of the S.cerevisiae AH109 yeast strain remained 
intact after the transformation with pGBKT7-TTN bait construct.  Thus, the activation 
of reporter genes during the library screen would be indicative of a putative bait-prey 
interaction.   
 
3.1.2.2 Toxicity test 
 
Growth curves of S.cerevisiae AH109 transformed with a) pGBKT7-TTN bait 
construct (AH109-pGBKT7-TTN) and b) non-recombinant pGBKT7 vector 
(AH109-pGBKT7) were created from OD600 readings taken over a period of 24 hours 
(Section 2.11.3).  The growth curves were compared alongside one another in order to 
determine whether the pGBKT7-TTN bait construct was toxic to S.cerevisiae strain 
AH109 (Figure 3.1).  The empty pGBKT7 vector, when transformed into S.cerevisiae 
strain AH109, is non-toxic to the S.cerevisiae cells and was thus used as a positive 
growth control.  The rate of growth of the AH109-pGBKT7-TTN bait strain, shown 
by the gradient of the linearized growth curve, is similar to that of the 
AH109-pGBKT7 positive control.  This indicated that the pGBKT7-TTN bait 
construct did not inhibit the growth of S.cerevisiae AH109 and was thus non-toxic to 





Figure 3.1.  Linear growth curves of untransformed S.cerevisiae AH109 strain 
transformed with either non-recombinant pGBKT7 or pGBKT7-TTN bait constructs.  
Both the non-recombinant pGBKT7 and the pGBKT7-TTN bait construct grew at a 
similar rate, as indicated by the comparable gradients of the linearized growth curves.  
These results indicated that the bait construct did not impede the growth of the host 
S.cerevisiae AH109 strain.   
 
3.1.2.3 Mating efficiency of S.cerevisiae AH109 transformed with the Y2H 
construct 
 
Small-scale yeast mating experiments were conducted to evaluate whether the TTN 
bait construct affected the mating efficiency of the host S.cerevisiae AH109 strain.  
The mating efficiency of the TTN bait construct (transformed into AH109) mated with 
the standard prey transformants, namely pACT2 and pTD1.1 (in Y187) was compared 
to the mating efficiency of a control plasmid, namely pGBKT7-53 (in AH109) mated 
with the same standard prey transformants (pACT2 and pTD1.1 in Y187) 
(Section 2.11.4).  The results of the mating efficiency tests are indicated in Table 3.1 
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and Table 3.2 and the calculations are given in detail in Appendix II.  The mating 
efficiency percentage recommended by the manufacturer of the MATCHMAKER™ 
Y2H system (BD Biosciences, Clontech, Paulo Alto, CA, USA.) is a minimum of 2%.   
 
Library mating efficiency was calculated by using the results of the growth of library 
mating progeny S.cerevisiae colonies on SD agar plates (Section 3.1.2.3) as shown in 
Table 3.1.  Calculations designated that the test library mating efficiency was 3.87%, 
which was higher than the recommended minimum of 2% and therefore showed that 
the library mating efficiency was within acceptable limits to continue with Y2H 
analysis.  The calculations indicated that at least the minimum number of 10
6
 
pretransformed cardiac cDNA library clones would be screened using the 
pGBKT7-TTN construct.   
 
Table 3.1.  Mating efficiency of AH109 pGBKT7-TTN as determined by growth of 





























3.1.3 Y2H screening of pre-transformed cardiac cDNA library 
 
Following all the verification tests performed in Section 3.1.2, the AH109 
pGBKT7-TTN bait strain was used to screen a cardiac cDNA library as described in 
Section 2.12.   
 
3.1.3.1  TTN bait culture titre 
 
The bait culture titre prior to the library mating was established by performing a 
haemocytometric cell count (Appendix II).  The total number of cells counted in five 
of the 25 squares was 131.  According to the calculation in Appendix II, the titre of 
the bait culture was equal to 1.31 x 10
9
 colony forming units per millilitre (cfu/mL).   
 
3.1.3.2 Library titre 
 
The library titre was also determined prior to the library mating (Section 2.12.4).  
After four days of growth, 1068 colony forming units (cfu) were counted on the 
SD
-Leu
 agar plates onto which 100μL of 1:10 000 dilution of the library had been 
plated.  The library titre was calculated according to the calculation shown in 
Appendix II.  A library titre of 1.068 x 10
8
 cfu/mL was calculated (Appendix II), 







3.1.3.3 Library mating efficiency and number of clones screened 
 
The library mating efficiency (Section 2.12.3) was calculated according to the 
calculation given in Appendix II by counting the number of progeny S.cerevisiae 






 agar plates (Table 3.2).  The library 
mating efficiency was calculated as 25%.  This was in accordance with the test mating 
efficiency of 3.87% (pGBKT7-TTN x pACT2).  The library mating was carried out 
under the same conditions as the test mating and the bait titre as well as the library 
titre was at acceptable levels.  Based on the results of the library mating efficiency, 
the number of pretransformed heart cDNA clones that were screened using the 
pGBKT7-TTN construct was calculated (Appendix II) as 1.35 x 106 independent 
clones (final resuspension volume = 13.5mL).  It is, however, still possible that more 
putative interactors for the C-terminal region of TTN could be identified during future 
Y2H screens, even though there were more than the recommended number of clones 












Table 3.2.  Mating efficiency of library mating (pACT2 heart cDNA in Y187 x 
pGBKT7-bait construct in AH109).   
 Library mating: 
pGBKT7-TTN x pACT2  
Mating culture 
dilution 
1:10 1:100 1:1000 1:10000 
SD
-Leu
 * * * 4 
SD
-Trp
 * * * 1160 
SD
-Leu-Trp




* = uncountable number of colonies 
 
3.1.3.4 Nutritional selection of diploid S.cerevisiae colonies containing putative 
interactor peptides 
 
The first nutritional selection stage was used to select diploid yeast colonies with the 
ability to activate expression of the HIS3 reporter gene, using TDO plates.  A total of 
65 colonies were able to activate the HIS3 expression.   
 
During the second nutritional selection stage, QDO agar plates (SD
-Trp/-Leu/-His/-Ade
) 
were used to select for diploid yeast colonies with the ability to activate the 
expression of both HIS3 and ADE2 reporter genes.  From the 65 colonies that were 
able to activate the HIS3 reporter gene, only 49 were able to additionally activate the 





3.1.3.5 X-α-Galactosidase assay 
 
The 49 yeast colonies that showed expression of HIS3 and ADE2 were then assessed 
for the ability to activate the MEL1 reporter gene.  The presence of α-galactosidase, 
which is the enzyme encoded by MEL1, caused the X-α-gal on the QDO X-α-gal 
indicator agar plates to hydrolyse and thus produced blue colonies.  Colonies were 
scored as blue, white/blue or white/pink/blue.  Eleven of the 49 colonies that had 
passed the nutritional selection were able to activate the MEL1 reporter gene (Table 
3.3).   
 
Table 3.3.  Activation of the HIS3 & ADE2 and MEL1 reporter genes by prey-TTN 
interactions.   
Colony Number 
Growth on QDO X-α-Galactosidase assay 
(HIS3 & ADE2 activation) (MEL1 activation) 
10 +++ ++ (very light blue) 
15 +++ +++ (blue) 
29 ++++ +++ (blue) 
32 +++ ++ (very light blue) 
35 +++ ++ (very light blue) 
44 ++++ +++ (blue) 
74 ++++ ++++ (very blue) 
84 ++++ ++++ (very blue) 
99 ++++ +++ (blue) 
100 ++++ +++ (blue) 
109 +++ +++ (blue) 
Abbreviations: QDO, solid media lacking leucine, tryptophan, histidine and adenine.  Growth 
of clones on solid media: ++++, very good; +++, good; ++, weak; +, very weak.   
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3.1.3.6 Heterologous mating – interaction specificity test 
 
The prey plasmids of the eleven colonies that were able to activate all three of the 
reporter genes were salvaged from their diploid colonies by means of the protocol 
described in Section 2.12.8.  Each of the preys was used in heterologous mating 
experiments to test the specificity of the various bait-prey interactions.  The 
interaction specificity test was performed, as explained in Section 2.12.9.  Prey 
colonies that grew when they had been mated with pGBKT7 were excluded.  Any 
activation of the Gal4-responsive reporters, with the lack of the bait protein, was 
considered to be a false positive interaction.  The results indicated that from the initial 
eleven prey colonies that were able to activate all three of the reporter genes, just five 
showed binding specificity towards the titin bait protein.  These five colonies were 
subsequently sequenced to classify the putative interacting proteins.   
 
3.1.3.7 Sequence analysis 
 
The five colonies that passed the nutritional selection levels, the x-α-galactosidase 
assay as well as the heterologous mating experiment were sequenced to ascertain the 
protein coded for by the prey insert.  The sequence data was BLAST searched against 
the Genbank DNA database using the BLASTn (genomic hit) and BLASTp (in-frame 
hit) (http://www.ncbi.nlm.nih.gov/Entrez).  The five prey plasmids encoded in-frame 
proteins namely filamin C (FLNC), phosphatidylethanolamine-binding protein 4 
(PEBP4), heart-type fatty acid binding protein 3 (H-FABP3), myomesin 2 (MYOM2) 
and myomesin 1 (MYOM1).  The interactions were then subjected to further 
verification in mammalian cells.   
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Table 3.4.  Identification of plausible TTN interacting clones from the Y2H screen.   
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3.2.1 Colocalisation of titin and FLNC, PEBP4, H-FABP3, MYOM2 and 
MYOM1 
 
Colocalisation by means of confocal microscopy was used to determine whether titin 
colocalises with FLNC, PEBP4, H-FABP3, MYOM2 and MYOM1 within the 
mammalian cell (Figure 3.2, Figure 3.3, Figure 3.4, Figure 3.5 and Figure 3.6).  In 
the images below, the single colour channels (A, C and D), cells’ structures (B), 
overlay (E) of the three single colour channels as well as the colocalisation (F) of titin 
and each prey protein are displayed.  The results acquired from the colocalisation 
indicate a significant degree of colocalisation of titin with FLNC, PEBP4 and 
H-FABP3 in H9C2 cells.  Although a moderate degree of colocalisation can be seen 
in the images of titin with MYOM2 and MYOM1, they were not significant and can 
thus not be recorded as true interactors in this study.  This was contrary to what was 




Figure 3.2.  Confocal imaging of titin and FLNC.  (A) Titin antibody labelled with 
Alexa 488 (green).  (B) Cellular structure.  (C) FLNC antibody labelled with Cy3 
(red).  (D) Nuclei labelled with Hoechst.  (E) Overlay of images A, C and D.  (F) 




Figure 3.3.  Confocal imaging of titin and PEBP4.  (A) Titin antibody labelled with 
Alexa 488 (green).  (B) Cellular structure.  (C) PEBP4 antibody labelled with Cy3 
(red).  (D) Nuclei labelled with Hoechst.  (E) Overlay of images A, C and D.  (F) 




Figure 3.4.  Confocal imaging of titin and H-FABP3.  (A) Titin antibody labelled 
with Alexa 488 (green).  (B) Cellular structure.  (C) H-FABP3 antibody labelled with 
Cy3 (red).  (D) Nuclei labelled with Hoechst.  (E) Overlay of images A, C and D.  (F) 




Figure 3.5.  Confocal imaging of titin and MYOM2.  (A) Titin antibody labelled with 
Alexa 488 (green).  (B) Cellular structure.  (C) MYOM2 antibody labelled with Cy3 
(red).  (D) Nuclei labelled with Hoechst.  (E) Overlay of images A, C and D.  (F) 




Figure 3.6.  Confocal imaging of titin and MYOM1.  (A) Titin antibody labelled with 
Alexa 488 (green).  (B) Cellular structure.  (C) MYOM1 antibody labelled with Cy3 
(red).  (D) Nuclei labelled with Hoechst.  (E) Overlay of images A, C and D.  (F) 
























































































































































































































































               
1 2785 216.81 1.1 72 36 16 8        
               
2 31231 2431.36 11.9 28 63 13 13        
               
3 4257 331.41 1.6 74 70 18 17 0.605 0.120 0.611 0.132 0.9 0.05 0.00 
Abbreviations: Ch2 T1, image channel for green; Ch3 T2, image channel for red; Coloc., Colocalisation; R, correlation coefficient.   
 



















































































































































































































































               
1 3235 251.85 1.2 76 40 21 7        
               
2 16443 1280.10 6.3 30 65 15 16        
               
3 3181 247.64 1.2 79 68 20 17 0.496 0.162 0.503 0.168 0.9 0.09 0.01 
Abbreviations: Ch2 T1, image channel for green; Ch3 T2, image channel for red; Coloc., Colocalisation; R, correlation coefficient.  
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1 96771 7533.72 36.9 83 31 29 8        
               
2 552 42.97 0.2 36 59 10 9        
               
3 5252 408.87 2.0 100 60 34 8 0.051 0.905 0.061 0.907 0.9 0.11 0.01 
Abbreviations: Ch2 T1, image channel for green; Ch3 T2, image channel for red; Coloc., Colocalisation; R, correlation coefficient.   
 



















































































































































































































































               
1 26911 2095.05 10.3 52 19 16 5        
               
2 964 75.05 0.4 21 38 9 6        
               
3 543 42.27 0.2 57 40 20 12 0.020 0.360 0.022 0.369 0.9 -0.01 0.00 
Abbreviations: Ch2 T1, image channel for green; Ch3 T2, image channel for red; Coloc., Colocalisation; R, correlation coefficient.  
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1 72371 5634.15 27.6 69 24 22 6        
               
2 353 27.48 0.1 32 50 8 7        
               
3 937 72.95 0.4 72 50 24 8 0.013 0.726 0.013 0.727 0.9 -0.01 0.00 
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CHAPTER 4: DISCUSSION 
 
4.1 YEAST TWO-HYBRID STUDY TO IDENTIFY INTERACTORS OF 
TITIN 
 
Titin (TTN) is a known HCM susceptibility gene (Satoh et al., 1999), thus the protein 
titin was a good candidate to include in an investigation into the pathophysiology and 
molecular aetiology of HCM.   
 
Titin has a number of functions related to muscle assembly and passive resting tension 
(Maruyama, 1997) as well as myofibril elasticity and structural integrity (Bang et al., 
2001b).  Granzier and Labeit hypothesised in 2002 that titin may play a role in the 
modulation of actomyosin interactions and that titin has been linked to membrane 
channels, protein turnover as well as gene expression (Granzier and Labeit, 2002).  
Titin also has been shown to have significant functions in both passive and 
contracting myocardium (Granzier and Labeit, 2002).  Furthermore, Linke showed in 
2007 that titin plays an important role in myocardial stress-sensing and mechanical 
dysfunction (Linke, 2008).   
 
In the present study, we hypothesised that since titin is known to play a role in the 
development of hypertrophy, any protein interacting with it may also play a role in the 
development of hypertrophy.  We therefore set out to identify novel protein 




A pre-transformed adult heart cDNA library was screened using a bait containing the 
scaffold region of titin, located within the C-zone of the sarcomere, to identify 
potential interactors using yeast two-hybrid (Y2H) methodology.   
 
Interacting partners of other regions of titin have been identified by previous studies 
such as myomesin (Wang et al., 1998; Auerbach et al., 1999; Schoenauer et al., 2005) 
filamin (Linke, 2008), obscurin (Granzier and Labeit, 2007), actin (Linke, 2008) and 
myosin (Linke, 2008) among others; however, no published data is available for 
interacting partners of the scaffold region.  Five putative interactors of the scaffold 
region of titin were identified in this study.  These interactions were subsequently 
verified in mammalian cells using colocalisation in H9C2 rat cardiomyocytes, 
providing further evidence for possible interactions between titin and these proteins.   
 
As can be seen from the colocalisation experiments, titin localises with filamin C 
(FLNC), phosphatidylethanolamine-binding protein 4 (PEBP4), heart-type fatty acid 
binding protein 3 (H-FABP3), myomesin 2 (MYOM2) and myomesin 1 (MYOM1).  
It should be noted that, while the colocalisation experiments are not able to verify 
physical interactions, they do indicate that two or more proteins occupy the same 
cellular space which makes a physical interaction probable.  Based on this limitation, 
these identified interactions need to be further verified by means of other techniques 
such as Western blotting and co-immunoprecipitation (co-IP); phage display; or 
mass-spectrometry, but this would only indicate a complex of interacting proteins and 
not specific proteins that interact with one another.  For the purpose of this study, 
speculations of the functional role that these interactions could play in HCM will be 
made.  The following section will discuss the results of the present study.   
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4.2 TITIN-FLNC INTERACTION 
 
The filamin C protein (FLNC) was identified and verified as an interactor of the 
scaffold region of titin.  The characteristics and functions of FLNC will be discussed 
and a possible functional role for the interaction between FLNC and titin will be 
proposed.   
 
4.2.1 The functions of FLNC 
 
Human filamins are a family of large cytoskeletal proteins consisting of three 
isoforms, namely filamins A, B and C (Kley et al., 2007).  One of their most 
important functions is to crosslink F-actin filaments into a dynamic three dimensional 
meshwork, or alternatively into parallel bundles (Kley et al., 2007).   
 
Filamin C is the most expressed filamin isoform in striated muscles (Van der Ven et 
al., 2006).  It is found in myofibrillar Z-discs binding to γ-filamin/ABP-L, α-actinin 
and telethonin binding protein of the Z-disk (FATZ) and myotilin, as well as in 
myotendinous junctions and intercalated discs (Van der Ven et al., 2006).   
 
Filamin C plays an essential role in the maintenance of the structural integrity of 
cardiac and skeletal muscles during contraction (Fujita et al., 2012).  The expression 
of FLNC starts at the onset of somitogenesis and is specifically expressed in cardiac 
and skeletal muscles where it plays a role in actin crosslinking (Fujita et al., 2012).  
The in vivo function of FLNC is not fully understood; however, mutations in the 
FLNC gene (FLNC) have been shown to cause a myofibrillar myopathy which is 
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morphologically categorised by the focal destruction of myofibrils, altered myofibril 
organization as well as the abnormal accumulation of several proteins in skeletal 
(Kley et al., 2007) and cardiac muscle fibres (Fujita et al., 2012).  This could be of 
importance in HCM, as abnormal myofibrillar organisation is observed in the hearts 
of patients with HCM (McLeod et al., 2009).   
 
Furthermore, FLNC has been shown to work together with Ras GTPase-activating 
protein (RasGAP) and RasGAP SH3 domain-binding protein to regulate myocyte 
growth (Lypowy et al., 2005).  Moreover, FLNC and RasGAP have been shown to be 
linked to mRNA stabilization as well as localization and were found to be 
up-regulated in various hypertrophy models (Lypowy et al., 2005).   
 
4.2.2 The functional significance of the titin-FLNC interaction 
 
Previous studies have demonstrated that the N-terminal of smooth muscle titin 
contains both filamin as well as α-actinin binding sites (Luther and Squire, 2002; 
Linke, 2008), while myosin binding sites have been identified at the C-terminal end 
(Figure 1.9) (Granzier and Labeit, 2007; Tskhovrebova and Trinick, 2010; Czajlik et 
al., 2012).  Due to titin’s N-terminal seven-domain and C-terminal 11-domain 
super-repeats being structurally similar, it is thus possible that the C-terminal end of 
titin could also interact with FLNC, as this study has showed.   
 
Smooth muscle titin is able to provide physical integrity and passive elasticity to 
smooth muscles by linking dense bodies to thick filaments (Granzier and Labeit, 
2007).  It is possible that the FLNC gene could be a candidate for cardiac diseases, 
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especially cardiomyopathies that are associated with hypertrophy or developmental 
defects (Van der Ven et al., 2006).   
 
Protein kinase B (PKB) plays an important role in mediating some of the metabolic 
actions of insulin as well as the anti-apoptotic effects of survival factors (Murray et 
al., 2004).  Interestingly, FLNC has been identified as a new physiological substrate 
of PKBα using kinase substrate tracking and elucidation (KESTREL) (Murray et al., 
2004).  Insulin was shown to induce the phosphorylation of FLNC in cardiac muscle, 
but only in cardiac muscle that expresses 3-phosphoinositide-dependent kinase 1 
(PDK1) which is the upstream activator of PKBα (Murray et al., 2004).  This 
anti-apoptotic link to FLNC could play a role in the pathogenesis of HCM because 
many HCM patients progress to heart failure due to cardiomyocyte apoptosis (Arad et 
al., 2002).  It is therefore possible that the titin-FLNC interaction could indirectly 
influence anti-apoptotic pathways within the heart and therefore play a role in the 
regulation of cardiac hypertrophy.   
 
4.3 TITIN-PEBP4 INTERACTION 
 
Phosphatidylethanolamine-binding protein 4 was identified and verified as an 
interactor of titin.  The characteristics and functions of PEBP4 will be discussed in the 
following sections and a potential functional role for the interaction between PEBP4 






4.3.1 The functions of PEBP4 
 
The phosphatidylethanolamine-binding proteins, which include PEBP4, are a family 
of evolutionarily conserved serine protease inhibitors and lipid binding proteins 
(Hengst et al., 2001).  Furthermore, the crystal structure of human 
phosphatidylethanolamine-binding protein suggests that it plays a role in membrane 
signal transduction (Banfield et al., 1998).   
 
Phosphatidylethanolamine-binding protein 4 is a 227 amino acid lysosomal protein, 
with a molecular mass of 25.7kDa, identified by Wang and co-workers in 2004 (Wang 
et al., 2004).  It was found to be expressed within most human tissues and 
exceedingly expressed within tumour cells (Wang et al., 2004).  
Phosphatidylethanolamine-binding protein 4 is an anti-apoptotic molecule and the 
silencing of PEBP4 expression was shown to sensitize breast cancer cells to tumour 
necrosis factor-α-induced apoptosis as well as cell growth arrest, which was caused by 
the increased mitogen-activated protein kinase activation and the enhanced 
phosphatidylethanolamine externalization (Wang et al., 2004; Wang et al., 2005).   
 
Phosphatidylethanolamine-binding protein 4 plays an important role in the regulation 
of human myoblast differentiation by acting as a scaffold protein for proto-oncogene 
serine/threonine-protein kinase1-mitogen-activated protein kinase/extracellular-
signal-regulated kinase (RAF1-MEK) interactions (Garcia et al., 2009).  The 
RAF-MEK-ERK pathway plays a role in the regulation of differentiation and 
proliferation and PEBP4 contributes to the control of muscle cell differentiation by 
means of modulating MEK and ERK activity (Garcia et al., 2009).   
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4.3.2 The functional significance of the titin-PEBP4 interaction 
 
The literature suggests that PEBP4 may play a role in regulating human myoblast 
differentiation because the expression of PEBP4 is induced during primary human 
myoblast differentiation (Garcia et al., 2009).  Garcia and colleagues (2009) 
performed fluorescence-activated cell sorting (FACS) analysis where sorted cells 
were induced to differentiate (Garcia et al., 2009).  The cells were then examined to 
determine if there was formation of multinucleated myotubes as well as expression of 
myosin heavy chains (myHCs), which would act as morphological and biochemical 
markers for terminal differentiation (Garcia et al., 2009).  The findings were that 
PEBP4 enhanced the RAF1-MEK interaction as well as the activation of MEK at low 
expression levels, but inhibited them during elevated expression levels (Garcia et al., 
2009).  Furthermore, a downregulation of PEBP4 by means of short hairpin RNA 
within the human myoblasts resulted in increased MEK signalling and subsequent 
inhibition of differentiation (Garcia et al., 2009).  Additionally, the overexpression of 
PEBP4 resulted in increased differentiation (Garcia et al., 2009).  The activity of 
MEK and ERK are therefore modulated by PEBP4 as it plays an important role in the 
control of myocyte differentiation (Garcia et al., 2009).   
 
As titin is known to play a functional role in muscle assembly as well as passive 
resting tension (Maruyama, 1997) and PEBP4 has been shown to be a crucial 
scaffolding protein during myocyte differentiation, it is tempting to speculate that 
disruption of this interaction could lead to impaired myocyte differentiation and 
development. The myocytes may remain in the myoblast phase, as opposed to 
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differentiating further into myotubes.  The result would be a lack of sarcomeric 
structure formation, which could result in pathologies such as HCM.   
 
4.4 TITIN-H-FABP3 INTERACTION 
 
The heart-type fatty acid binding protein 3 protein was identified and verified as an 
interactor of titin.  The characteristics and functions of H-FABP3 will be discussed 
and a likely functional role for the interaction between H-FABP3 and titin will be 
offered.   
 
4.4.1 The functions of H-FABP3 
 
Heart-type fatty acid-binding protein 3 is a 15kDa low molecular weight cytoplasmic 
protein that plays a role in intracellular transportation of free fatty acids in the 
cardiomyocyte (Kim and Storch, 1992; Morioka et al., 2005).  Since H-FABP3 is 
released from the cardiomyocyte into circulation after myocardial damage, it is 
considered a sensitive biochemical marker of myocardial damage (Morioka et al., 
2005).  Unbound free fatty acids as well as H-FABP3, their intracellular binding 
protein, could prove useful as clinical indicators of cardiac ischemia and necrosis, 
respectively (Azzazy et al., 2006).   
 
Fatty acid binding proteins bind reversibly and noncovalently to long-chain fatty acids 
and consist of 126-137 amino acids (Azzazy et al., 2006).  Nine different fatty acid 
binding protein types have been identified thus far and each type has its own pattern 
of tissue distribution with a constant intracellular half-life of two to three days (Glatz 
Stellenbosch University http://scholar.sun.ac.za
120 
and Van der Vusse, 1996).  The human H-FABP3 isoform comprises of 132 amino 
acid residues and is an acidic protein (Schreiber et al., 1998).   
 
The very low solubility of long-chain fatty acids in aqueous solutions impairs their 
intracellular translocation, which is facilitated by fatty acid binding proteins such as 
H-FABP3 (Glatz and Van der Vusse, 1996).  Heart-type fatty acid-binding protein 3 is 
the cytoplasmic counterpart of plasma albumin (Azzazy et al., 2006).  Albumin is the 
main transporter of free fatty acids in blood plasma as well as in interstitial fluid 
(Glatz and Van der Vusse, 1996).  Heart-type fatty acid-binding protein 3 is therefore 
the protein responsible for free fatty acid translocation within the cytoplasm (Azzazy 
et al., 2006).   
 
Heart-type fatty acid-binding protein 3 takes part in signal transduction pathways, for 
example the regulation of gene expression by means of facilitating fatty acid signal 
translocation to peroxisome proliferator-activated receptors (Wolfrum et al., 2001).  
Heart-type fatty acid-binding protein 3 is also responsible for the protection of 
cardiomyocytes against the detergent-like effects of locally elevated concentrations of 
long-chain fatty acids, predominantly during ischemic conditions (Glatz and Van der 
Vusse, 1996; Glatz and Storch, 2001).   
 
4.4.2 The potential role of H-FABP3 in hypertrophic cardiomyopathy and 
heart disease 
 
Elevated H-FABP3 levels are used as an indicator of ongoing myocardial damage in 
patients with HCM and heart failure and could thus result in the clinical deterioration 
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of these patients (Morioka et al., 2005).  The measurement of serum H-FABP3 levels 
in combination with myoglobin levels can be used as a means of discerning between 
myocardial damage and skeletal muscle injury due to the composition of 
cardiomyocytes and skeletal muscles that differ with regards to H-FABP3 and 
myoglobin content (Van Nieuwenhoven et al., 1995; Morioka et al., 2005).  The 
average serum level of H-FABP3 has been shown to be significantly higher in patients 
with HCM than in controls (Morioka et al., 2005).  However, there appears to be no 
significant difference in myoglobin levels of patients with HCM (Morioka et al., 
2005).   
 
The exact mechanisms of myocardial damage in HCM are still unknown, however, 
myocardial ischemia has been proposed as a possible explanation (Morioka et al., 
2005).  Serum H-FABP3 levels could point to myocardial damage that advances 
progressively according to the severity of the heart failure in HCM patients (Morioka 
et al., 2005).  Heart failure results in myocardial changes such as myocardial 
ischemia, apoptosis, neurohormonal activation and an increase in collagen activation; 
as well as myocardial load which could all lead to the contribution to myocardial 
damage in HCM patients (Morioka et al., 2005).   
 
Fatty acid binding proteins, including H-FABP3, are found in many tissues that 
actively utilize free fatty acids and thus have an essential role in the heart, where more 
than 80 percent of the organ’s energy requirements are derived from the oxidation of 
long chain fatty acids (Kim and Storch, 1992).  The heart has high energy demands 
and primarily uses fatty acids and carbohydrates in the form of glucose as substrates 
for energy production in the form of ATP (Lopaschuk, 2004; Lopaschuk et al., 2010).  
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The predominant physiological energy source is thus derived from circulating fatty 
acids, as they are capable of significantly inhibiting the oxidation of glucose (Gambert 
et al., 2006).  Fatty acids are able to damage myocardium during pathological 
conditions and therefore cause the impairment of myocardial mechanical function, 
enhance enzyme release as well as provoke arrhythmias (Gambert et al., 2006).  The 
post-ischemic reperfusion period is when the negative effects of fatty acids are most 
notable (Gambert et al., 2006).   
 
Compensated cardiac hypertrophy induced by the proto-oncogene C-Myc leads to an 
increase in fatty acid utilization for the citric acid cycle (Olson et al., 2012).  Since 
H-FABP3 is responsible for the transportation of free fatty acids in the cytoplasm, 
elevated levels of H-FABP3 will be found in the heart during the hypertrophic 
process.  C-Myc regulates cardiac hypertrophy by promoting compensated cardiac 
function, indicating that the mechanisms at work are different from those leading to 
heart failure (Olson et al., 2012).  The literature suggests that C-Myc induces shifts in 
substrate utilization signals, but that the substrate utilization changes for the citric acid 
cycle do not precede hypertrophy and are thus not the primary signal for cardiac 
growth (Olson et al., 2012).  Free fatty acid utilization as well as oxidation has been 
shown to increase when hypertrophy is established and the understanding of the 
mechanisms involved in maintaining the compensated function could lead to the 
development of a novel metabolic therapy for the treatment of heart failure (Olson et 
al., 2012).   
 
Free fatty acids exert a number of detrimental effects on the myocardium and may 
contribute to SCD, which is the most common fatal cardiovascular event (Pilz et al., 
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2007).  An increase in the concentration of fasting plasma free fatty acids; and 
subsequently of H-FABP3, has been shown to be an independent risk factor for SCD 
in patients requiring coronary angiography (Pilz et al., 2007).  Besides predicting 
SCD with high accuracy, the prevention of all causes of cardiovascular mortality can 
benefit from the knowledge of the risks of elevated H-FABP3 and free fatty acids 
levels (Pilz et al., 2007).  Free fatty acids and H-FABP3 can thus be used as markers 
to identify patients at risk for SCD as well as other fatal cardiovascular events (Pilz et 
al., 2007).  Arrhythmias arising at the beginning of ischemia and reperfusion can lead 
to SCD if left untreated so their prevention is extremely important (Nair et al., 1996).  
It remains unknown if elevated free fatty acids are the cause of pathogenesis or if they 
are increased due to other pathological processes contributing to these fatal 
cardiovascular events (Pilz et al., 2007).   
 
Since H-FABP3 levels have been shown to indicate myocardial damage in HCM 
patients; and the subsequent heart failure results in apoptosis as well as myocardial 
load, H-FABP3 could in turn indirectly contribute to HCM pathogenesis (Morioka et 
al., 2005).   
 
4.4.3 The functional significance of the titin-H-FABP3 interaction 
 
Heart-type fatty acid-binding protein 3 has a number of clinical applications.  
Heart-type fatty acid-binding protein 3 has prognostic value to predict recurrent 
cardiac events and is used as an early marker for acute myocardial infarction; to 
differentiate between cardiac and skeletal muscle injuries; the estimation of 
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myocardial infarct size; the clinical assessment of congestive heart failure and as a 
potential biomarker of cardiac ischemia (Azzazy et al., 2006).   
 
Heart-type fatty acid-binding protein 3 takes part in signal transduction pathways.  It 
can be speculated that an interruption in these pathways could be caused by the 
titin-H-FABP3 interaction because H-FABP3 is a low molecular weight small protein 
and could therefore be weighed down by the giant protein titin.  Heart-type fatty 
acid-binding protein 3 would no longer be able to perform its function properly and 
this interaction could thus play a role in HCM modulation due to its signal 
transduction pathways being interrupted.  Titin could also inhibit the transportation of 
free fatty acids when bound to H-FABP3 due to its size.   
 
4.5 TITIN-MYOM2 AND TITIN-MYOM1 INTERACTIONS 
 
Myomesin 2 and myomesin 1 were identified and verified as interactors of titin’s 
scaffold region.  The characteristics and functions of MYOM2 and MYOM1 will be 
discussed and a probable functional role for the interaction between MYOM2 and titin 
as well as MYOM1 and titin will be put forward.  Myomesin 2 and MYOM1 are 
structurally very similar and will thus be discussed together.  To uncomplicate the 
following section: when referring to myomesin in general, it is meant that both 
MYOM2 as well as MYOM1 are collectively involved.  However, if only MYOM2 or 






4.5.1 The functions of MYOM2 and MYOM1 
 
Myomesin is a myosin-binding protein (Linke, 2008) that is located in the M-band of 
striated muscles and may play a functional role in connecting thick filaments to the 
third filament system (Auerbach et al., 1999).  Myomesin’s principal function is the 
preservation of the thick filament lattice and its anchoring to the elastic filament 
system, comprising of titin (Agarkova et al., 2000).   
 
Myomesin 2 is a 165kDa protein (Van der Ven and Fürst, 1997; Ashbaugh et al., 
1998; Hornemann et al., 2003; Herwald et al., 2004) while MYOM1 is a 190kDa 
protein (Eppenberger et al., 1981; Obermann et al., 1997; Van der Ven and Fürst, 
1997; Agarkova and Perriard, 2005; Schoenauer et al., 2005).  Myomesin 2 and 
MYOM1 are major components of vertebrate myofibrillar M bands and are associated 
with titin, myosin and connectin (Auerbach et al., 1999).  Myomesin 1 is known to 
bind to myosin, titin as well as light meromyosin in a dose dependent manner 
(Obermann et al., 1996).  Myomesin 2 is jointly responsible with MYOM1 for the 
creation of a head structure on one end of the titin string, connecting the Z and M 
bands of the sarcomere to each other (See Figure 1.8 and Figure 1.14) (Fürst et al., 
1999).  Myomesin 2 and MYOM1 have unique N-terminal domains that vary between 
isoforms (Tskhovrebova and Trinick, 2012).  The gene encoding human MYOM2 and 
MYOM1 has been shown to map to the chromosomal region: 18p11.31-p11.32 
(http://www.acris-antibodies.com).   
 
Myomesin 2 and MYOM1 are the major prominent structural elements of the 
sarcomeric M-line (Porter et al., 2003) and they are expressed in both cardiac and 
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striated skeletal muscle, but predominantly in skeletal muscle (Agarkova et al., 2000; 
Bertoncini et al., 2005).  Myomesin is able to form antiparallel dimers that could play 
a role in cross-linking the adjacent thick filaments (Schoenauer et al., 2005).  
Myomesin has been proposed to be comparable to titin in that they both function as 
molecular springs with their elasticity controlled by means of alternative splicing 
(Schoenauer et al., 2005).  Myomesin has a number of different isoforms (Grove et 
al., 1985) which have expression patterns that are regulated both spatially as well as 
temporally (Agarkova et al., 2000; Bertoncini et al., 2005).   
 
The key components of myomesin are immunoglobulin-like (Ig) and fibronectin type 
III (Fn) domains (Auerbach et al., 1999; Bertoncini et al., 2005; Schoenauer et al., 
2005), both of which have approximately 100 residues (Tskhovrebova and Trinick, 
2012).  When there are exceedingly great or extended sustained stretching forces, the 
Ig and Fn domains could function as adjustable “shock absorbers” by means of 
sequential unfolding (Schoenauer et al., 2005).  The multifaceted visco-elastic 
mechanical properties of myomesin molecules depend upon the contractile parameters 
found in different muscle types (Bertoncini et al., 2005) and may be essential for 
maintaining the stability of the sarcomeric cytoskeleton during muscular contraction 
(Schoenauer et al., 2005).   
 
Myomesin is an intracellular member of the immunoglobulin superfamily (Bantle et 
al., 1996) which has a flexible filamentous structure (Bertoncini et al., 2005).  A 
number of other myosin-binding proteins have a place in this family, for example 
M-protein (Noguchi et al., 1992; Vinkemeier et al., 1993), myosin binding protein C 
(Offer et al., 1973; Einheber and Fischman, 1990), H-protein (Bähler et al., 1985) as 
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well as titin (Labeit and Kolmerer, 1995).  Several thick filament-associated proteins 
also comprise of Ig and Fn domains (Auerbach et al., 1999).  This could indicate a 
possible function of these domains in facilitating interactions with myosin (Fürst and 
Gautel, 1995; Bantle et al., 1996).  It has been shown by means of Western blotting 
biochemical assays that myomesin interacts with myosin as well as titin (Wang et al., 
1998), however, it remains unclear how these interactions are able to direct myomesin 
to its assembly site within the M-band in vivo (Auerbach et al., 1999).   
 
M-protein is a splice variant encoded by the same gene as myomesin (Fürst et al., 
1999; Steiner et al., 1999).  Myomesin and M-protein both have an affinity for myosin 
(Mani and Kay, 1978; Grove et al., 1985; Obermann et al., 1996) and titin (Nave et 
al., 1989; Obermann et al., 1997).  They are thus involved in anchoring thick 
filaments to the elastic third filament system (Auerbach et al., 1999).  Myomesin is 
found in all types of adult striated muscle (Grove et al., 1989), as opposed to 
M-protein which can only be found in cardiac and fast skeletal fibres (Eppenberger et 
al., 1981).  Myomesin could therefore be the primary link between thick and elastic 
filaments (Auerbach et al., 1999).   
 
Tissue- and developmental-stage-specific alternative splicing is displayed by 
MYOM1 (Porter et al., 2003).  Myomesins have an important organizational role in 
developing sarcomeres and function as structural components in adult striated muscle 
(Ehler et al., 1999; Grove et al., 1985; Wang et al., 1998).  A distinct M-line forms 
during myogenesis, but it is repressed during the early postnatal period (Agarkova et 
al., 2000; Porter et al., 2003).  Both MYOM2 and MYOM1 transcripts show the 
Stellenbosch University http://scholar.sun.ac.za
128 
M-line pattern of developmental down-regulation (Agarkova et al., 2000; Porter et al., 
2003).   
 
There are multiple myomesin isoforms that are expressed in striated muscles; 
however, MYOM2 has only one isoform (Porter et al., 2003).  The separate functions 
of the different myomesin isoforms are not yet understood entirely (Porter et al., 
2003).  The My1 amino-terminal domain of MYOM1 binds to the light meromyosin 
section of myosin and My4-My6 have been found to bind to titin (Obermann et al., 
1997) (see Figure 1.14).  Embryonic heart-specific MYOM1 most likely has 
comparable binding capabilities (the embryonic heart-specific insert lies between 
domains My6 and My7), which can be deduced from its primary structure (Agarkova 
et al., 2000).  It is, however, interesting that the formation of M-lines is not able to be 
supported by the expression of embryonic heart-specific MYOM1 on its own 
(Agarkova et al., 2000).   
 
4.5.2 The potential role of MYOM2 and MYOM1 in hypertrophy or 
hypertrophic cardiomyopathy 
 
Previous studies by Komuro and Yazaki (1993) showed that the re-expression of 
embryonic or fetal genes could be utilized as a molecular marker for hypertrophy 
(Agarkova et al., 2000).  Cardiomyocytes obtained from hypertrophic hearts can 
commonly be characterized by myofibril disarray (Agarkova et al., 2000).  The 
organization of the sarcomeres is not as uniform as they are in healthy hearts 
(Agarkova et al., 2000).  This could indicate a return to more embryonic sarcomeric 
structures during hypertrophy development (Agarkova et al., 2000).  Studies by 
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Agarkova and co-workers (2000) indicated the presence of re-expression of 
embryonic heart-specific myomesin in cardiomyocytes from muscle LIM protein 
knock-out mice as well as from tropomodulin-overexpressing mice (Agarkova et al., 
2000).  The two mouse strains both displayed a phenotype of dilated cardiomyopathy 
(Arber et al., 1997; Sussman et al., 1998; Agarkova et al., 2000).  It still remains 
unknown to what extent the re-expression of embryonic heart-specific myomesin can 
be connected to myofibrillar disarray during other types of pathological hypertrophy 
(Agarkova et al., 2000).   
 
Agarkova and Perriard (2005) described the M-band as a dynamic component of the 
sarcomeric cytoskeleton which is able to adapt to the contractile command of an 
individual muscle by means of varying the type and number of different myomesin 
molecules that cross-link the thick filaments (Schoenauer et al., 2011).  Myosin and 
titin filaments are cross-linked in the middle of the sarcomere by the prominent 
cytoskeletal structure of the M-band (Schoenauer et al., 2011).  The expression of the 
M-band’s key constituents, namely proteins of the myomesin family, were analysed 
by Schoenauer and colleagues in 2011 to investigate M-band alterations in heart 
disease in both mouse and human cardiomyopathies (Schoenauer et al., 2011).   
 
Embryonic heart-specific myomesin, which is the dominant splice isoform found 
within the embryonic heart, was shown to be significantly up-regulated in the failing 
heart of DCM patients and correlated with a reduction in cardiac functioning 
(Schoenauer et al., 2011).  Schoenauer and colleagues (2011) demonstrated that 
embryonic heart-specific myomesin was up-regulated in a cell-specific way, which 
lead to an increased heterogeneity of the myocytes’ cytoskeletons through the 
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myocardial wall.  An adaptive remodelling of the sarcomeric cytoskeleton could be 
indicated by up-regulation of embryonic heart-specific myomesin in the dilated heart 
(Schoenauer et al., 2011).  This up-regulation of embryonic heart-specific myomesin 
may assist as a potential marker for DCM in mouse and human myocardium 
(Schoenauer et al., 2011).  New insights into the understanding of progressive 
ventricular dilation on an organisational level could be obtained from the information 
that the embryonic heart-specific myomesin isoform is associated with an increased 
degree of M-band elasticity (Schoenauer et al., 2005).  This could lead to a better 
characterization of DCM in human patients because of the up-regulation of embryonic 
heart-specific myomesin at early stages of the disease and its relationship to the 
impairment of ventricular function (Schoenauer et al., 2011).   
 
4.5.3 The functional significance of the titin-MYOM2 and titin-MYOM1 
interactions 
 
Titin is known to interact with myomesin (Wang et al., 1998), which has the function 
of cross-linking the thick filaments and titin’s COOH-terminus in an elastic way 
(Linke, 2008).  The elasticity of myomesin could be significant in correcting force 
imbalances found between parallel thick filaments in the course of active muscle 
contraction (Linke, 2008).  Myomesin has been shown to associate with 
creatine-kinase as well as myofibrillogenesis-regulator-1 and is controlled in its 
affinity to titin by means of phosphorylation (Linke, 2008).  The 
myomesin-titin-myosin complex is an essential structure that retains the stability of 
the M-band (Linke, 2008).  The relationship of titin’s COOH-terminus to signalling 
and structural molecules associates the COOH-terminus of titin with thick filament 
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assembly or turnover, thus conferring flexibility as well as mechanical stability to the 
M-band (Linke, 2008).   
 
Myomesin is, however, not found in the C-zone of the sarcomere as the section of titin 
that was under investigation, but due to the structural similarities of titin’s large repeat 
regions, this interaction could still be valid.  This is because the titin domains that 
were under investigation are structurally similar to the domains found at the M-line 
where myomesin is located.  The interactions were made possible because the 
experiments put the proteins together and they were then able to interact.  The 
colocalisation therefore merely showed that the proteins are capable of interacting, 
even though the colocalisations were not necessarily statistically significant.  This was 
not the expected result since the literature states that titin and myomesin are known to 
interact (Mayans et al., 1998; Nave et al., 1989; Vinkemeier et al., 1993; Obermann et 
al., 1996; Wang et al., 1998; Fürst et al., 1999).   
 
The fact that the H9C2 cells were already differentiated could be the reason that a 
stronger interaction was not detected between titin and MYOM2 and MYOM1 in this 
study.  Titin and myomesin are known to interact biochemically during 
sarcomerogenesis, as they are simultaneously assembled (Wang et al., 1998).  
However, the H9C2 cells were no longer developing and MYOM2 and MYOM1 
could thus have been expressed to a lesser degree when the colocalisation experiments 
were performed.  It is also a possibility that not all the binding sites were accessible 
for titin in the differentiated cells, as was the case with Auerbach and co-workers in 
1999 (Auerbach et al., 1999).  Phosphorylation also plays a role in the interactions 
between titin and MYOM2 and MYOM1, as previous studies have shown that the 
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phosphorylation of a linker that connects two of the Fn3 domains was able to disrupt 
their interactions (Oberman et al., 1997; Auerbach et al., 1999).  It is therefore also a 
possibility that the phosphorylation state was not optimal for interaction at the time of 
the experiments being performed.  These factors could be linked to a developmental 
error resulting in a defect in sarcomeric structure formation, which could result in 
various pathologies, including HCM.   
 
The titin-MYOM2 and titin-MYOM1 interactions are therefore likely to reflect the 
results obtained by Gotthardt and colleagues in 2003 when they found that mice that 
had a conditional knockout for the M-band region of titin – including the myomesin 
binding site – displayed progressive sarcomere disassembly with associated muscle 
weakness (Gotthardt et al., 2003; Schoenauer et al., 2005).   
 
4.6 LIMITATIONS OF THE PRESENT STUDY 
 
Further verification (Section 4.9) of the identified interactors is required before the 
proteins can be stated unequivocally as interactors of titin.  It is also possible that 
additional putative interactors for the scaffold region of titin could still be identified in 
future Y2H screens.  However, five putative interactors were successfully identified 
and subsequently verified using an independent molecular biological method.   
 
4.7 LIMITATIONS OF Y2H ANALYSIS 
 
Although the Y2H system is a useful tool in the detection of protein-protein 
interactions, a number of intrinsic limitations do exist.   
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Yeast is a better candidate than bacterial hosts for this type of analysis, as it is closer 
to higher eukaryotes and is more illustrative than conducting in vitro experiments 
(Van Criekinge and Beyaert, 1999).  However, a large disadvantage in using a 
heterologous system is that many protein-protein interactions are subject to the 
post-translational modification of proteins such as disulfide bridges, glycosylation and 
phosphorylation (Van Criekinge and Beyaert, 1999).  These modifications might not 
take place properly in yeast cells due to a lack of the enzymes required for these 
developments and may therefore affect the binding affinity of the interacting proteins 
(Van Criekinge and Beyaert, 1999).   
 
The principle of the Y2H system is dependent on a transcriptional event to regulate 
the interaction of two proteins.  It is thus vital that auto-activation of the bait protein 
must be assessed prior to performing the Y2H screen (Van Criekinge and Beyaert, 
1999; Sobhanifar, 2003).  A protein of interest that is able to auto-activate the reporter 
genes is not suitable for Y2H analysis, therefore limiting bait selection.  In the present 
study, it has been shown that the bait construct was unable to auto-activate the 
reporter genes (Section 2.11.2).  The fusion proteins are required to be targeted to the 
yeast nucleus, which could be challenging for proteins that have strong targeting 
signals to compartments other than the nucleus (Sobhanifar, 2003).  The expression of 
certain proteins may also become toxic upon expression in yeast (Van Criekinge and 
Beyaert, 1999).  Some proteins might proteolyse essential yeast proteins or may affect 
the DNA binding domain or activation domain – the critical transcription system that 
forms the foundation of the Y2H method (Van Criekinge and Beyaert, 1999).  The 
generation of fusion proteins may change the conformation or protein folding of the 
bait and prey proteins.  This could result in the incorrect folding of proteins so as to 
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render them inactive or could potentially block possible binding sites (Van Criekinge 
and Beyaert, 1999).   
 
The likelihood exists that a third protein plays a linking role between the two 
interacting proteins and this must be taken into account when interpreting interaction 
data (Sobhanifar, 2003).  Cellular processes often rely upon the formation of 
complexes between several proteins; thus it is possible that interactions may be 
overlooked in the two-hybrid system if the presence of a third protein is a prerequisite 
for the interaction between two proteins (Causier and Davies, 2002).   
 
4.8 LIMITATIONS OF COLOCALISATION 
 
Colocalisation is a valuable technique to determine whether two proteins occur in the 
same physical location within a cell.  The technique can, however, not provide direct 
evidence of an interaction, so the use of colocalisation to verify interacting proteins is 
limited.  There are also limitations when using microscopy, such as the image 
resolution.  The resolution of a microscope is defined as the smallest distance between 
two points that can be clearly distinguished from one another.  The resolution is 
dependent upon the wavelength of the light imaged and the numerical aperture of the 
objective.  The resolution of the highest objective of the LSM 510 META with NLO 
(NLO = two photon laser) confocal microscope (Carl Zeiss, Germany) system is 
200nm implying that objects located closer together than 200nm appear as one 
colocalised object.  Within the area of the colocalisation, proteins are able to appear as 




To overcome the limitations of colocalisation, other molecular biological methods 
such as in vivo co-IP experiments can be conducted to provide proof of direct 
protein-protein interactions.  However, co-IP assays are very expensive, time 
consuming and require optimisation.  The cell environment is also multifaceted and 
proteins may only interact under particular conditions, which might not always be 
apparent.   
 
4.9 THE FUTURE OF THIS RESEARCH 
 
The present study has identified and verified the interactions between titin and 
filamin C (FLNC), phosphatidylethanolamine-binding protein 4 (PEBP4), heart-type 
fatty acid binding protein 3 (H-FABP3), myomesin 2 (MYOM2) and myomesin 1 
(MYOM1).  These findings could link the functions of the interactors with titin to the 
development of HCM.   
 
Future directions include: validation of putative interactors using independent 
biochemical analyses.  These experiments will provide researchers with more insight 
into the functional significance of the interactions with titin and may also be helpful in 
determining the role that the interactions may play in the development of HCM.   
 
Further research could be conducted into elucidating the functional role of these 
interactors so as to investigate why these proteins interact with titin.  Verified 
interactors of C-zone scaffold regions could be prioritized as candidate modifiers by 
whether biological function relates to hypertrophy.  The genes encoding these proteins 
could also be considered candidate genes for HCM-causing mutations.  This could be 
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tested by means of high resolution melt (HRM) analysis or target next generation 
sequencing.  To test whether the identified interactor would have any effect on 
modulating hypertrophy, single nucleotide polymorphisms in the genes encoding 
these interactors could be genotyped in a panel of HCM patients.  The genotype data 
would then be correlated with several measures of hypertrophy.   
 
These modifiers may help researchers better understand the molecular mechanisms 
involved in the development of LVH.  They will likely allow for the improved 
understanding of HCM patho-aetiology and may improve risk profiling.  Furthermore, 
as genetic modifiers appear sufficient to completely prevent disease expression in 
some HCM carriers, they may point to new targets for intervention, for example 
metabolic modulation.  Such understanding may eventually lead to strategies aimed at 
preventing the development of pathological cardiac hypertrophy both in HCM and 




Mutations in the TTN gene have been found to play a role in the development of 
HCM.  The aim of this study was thus to identify novel interactors of the 11-domain 
super-repeat region of titin as candidate modifiers (or possible disease causing 
mutations) of hypertrophy in HCM in order to better understand the mechanisms 
leading to hypertrophy.  Interactions between the 11-domain super-repeat region of 
titin and FLNC, PEBP4, H-FABP3, MYOM2 and MYOM1 were identified using 
yeast two-hybrid analysis and verified by means of colocalisation.  Once interactors 
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were identified, it was possible to subsequently hypothesize on the functional role that 
the interactions with titin may play in the development of HCM.   
 
Filamin C, PEBP4, H-FABP3, MYOM2 and MYOM1 have multiple complex 
functions, some of which have been found to be important in muscle development and 
are able to be linked to HCM via their interactions with titin.  In this study the 
speculations are that it is possible that the FLNC gene could be a candidate for cardiac 
diseases, especially cardiomyopathies that are associated with hypertrophy or 
developmental defects (Van der Ven et al., 2006).  As titin is known to play a 
functional role in muscle assembly as well as passive resting tension (Maruyama, 
1997), the putative interaction of titin and PEBP4 is speculated to be indicative of the 
formation of the interstitial fibrosis and myocyte disarray seen in HCM.  Heart-type 
fatty acid-binding protein 3 has a number of clinical applications including prognostic 
value to predict recurrent cardiac events and is used as an early marker for acute 
myocardial infarction; to differentiate between cardiac and skeletal muscle injuries; 
the estimation of myocardial infarct size; the clinical assessment of congestive heart 
failure and as a potential biomarker of cardiac ischemia (Azzazy et al., 2006) and its 
suggested interaction with titin is speculated to play a role in inhibiting its functional 
abilities, thus leading to the possible worsening of disease.  Myomesin 2 is jointly 
responsible with MYOM1 for the formation of a head structure on one end of the titin 
string that connects the Z and M bands of the sarcomere (Fürst et al., 1999) and this is 
speculated to be linked to a developmental error with the result being a defect in 
sarcomeric structure formation, which could result in pathologies such as HCM.  
Thus, the interactors could play a functional role in the manner in which titin is 
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involved in HCM.  The biological significance of the interactions still need to be 






REAGENTS, BUFFERS, SOLUTIONS AND MEDIA 
 
1. Electrophoresis stock solutions 
10% Ammonium Persulfate 
Ammonium Persulfate     10g 
Sterile water       10mL 
 
Mix well and store at 4°C 
 
20X SB Stock Solution 
di-Sodium tetraborate decahydrate    38.14g 
Sterile water to a final volume of one litre 
 
1X SB Solution 
20X SB Stock Solution     50mL 
Sterile water to a final volume of one litre 
 
2. Gels 
2% Agarose gel 
Agarose       2g 
SB Buffer (1X)      100mL 
 
Microwave for 1 min on maximum power and add 5μL ethidium bromide (10mg/mL) 
when the temperature reaches ±55°C 
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3. Loading dyes 
Ethidium Bromide Stock (10mg/mL) 
Ethidium bromide      500mg 
Sterile water       50mL 
Stir well on magnetic stirrer for four hours and store in a dark container at 4°C 
 
Bromophenol Blue loading dye 
Bromophenol blue      0.1% (w/v) 
Sterile water to a final volume of 100mL and store at 4°C 
 
4. Yeast media 
YPDA media 
Difco peptone       10g 
Yeast extract       10g 
Glucose       10g 
L-adenine hemisulphate (0.2% stock solution)  7.5mL 
 
Add sterile water to a final volume of 500mL and autoclave at 121°C for 15 min 
 
YPDA agar plates 
Difco peptone       10g 
Yeast extract       10g 
Glucose       10g 
L-adenine hemisulphate (0.2% stock solution)  7.5mL 
Bacto agar       10g 
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Add sterile water to a final volume of 500mL and autoclave at 121°C for 15 min.  
Allow to cool to a temperature of ±55°C before pouring the plates.  Allow plates to 
set for 2-5 hours and store at room temperature for up to three weeks.   
 
SD Media 
Glucose       12g 
Yeast nitrogen base without amino acids   4g 
SD amino acid supplement     0.4g 
Sterile water to a final volume of 600mL 
 
SD agar plates 
Glucose       12g 
Yeast nitrogen base without amino acids   4g 
SD amino acid supplement     0.4g 
Bacto agar       12g 
 
Add sterile water to a final volume of 600mL and autoclave at 121°C for 15 min.  
Allow to cool to ±55°C before pouring the plates.  Allow plates to set for 2-5 hours 
and store at room temperature for up to three weeks.   
 
TDO media 
Glucose       12g 
Yeast nitrogen base without amino acids   4g 
SD
-L-W-H
 amino acid supplement    0.4g 
Add sterile water to a final volume of 600mL and autoclave at 121°C for 15 min.   
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TDO agar plates  
Glucose       12g 
Yeast nitrogen base without amino acids   4g 
SD
-L-W-H
 amino acid supplement    0.4g 
Bacto agar       12g 
 
Add sterile water to a final volume of 600mL and autoclave at 121°C for 15 min.  
Allow to cool to ±55°C before pouring the plates.  Allow plates to set for 2-5 hours 
and store at room temperature for up to three weeks.   
 
QDO media 
Glucose       12g 
Yeast nitrogen base without amino acids   4g 
SD
-L-W-H-Ade
 amino acid supplement    0.4g 
 
Add sterile water to a final volume of 600mL and autoclave at 121°C for 15 min.   
 
QDO agar plates 
Glucose       12g 
Yeast nitrogen base without amino acids   4g 
SD
-Leu-Trp-His-Ade
 amino acid supplement   0.4g 




Add sterile water to a final volume of 600mL and autoclave at 121°C for 15 min.  
Allow to cool to ±55°C before pouring the plates.  Allow plates to set for 2-5 hours 
and store at room temperature for up to three weeks.   
 
X-α-Galactosidase Solution (5mg/mL) 
X-α-Galactosidase      25mg 
Dimethylformamide      1mL 
 
Make a 25mg/mL stock solution.  Dilute with Dimethylformamide to a 5mg/mL 
working solution.   
 
5. Yeast transformation reagents 
1M LiAc  
LiAc          5.1g 
Make up to 50mL with sterile water 
 
100Mm LiAc  
1M LiAc       5mL 
Make up to 50mL with sterile water 
 
50% Polyethylene glycol (PEG) 
PEG 4000       25g 





6. Eukaryotic cell culture media 
Complete growth media 
DMEM (4.5g/L glucose, with L-glutamine)   178mL 
Foetal calf serum      20mL 
Penicillin/streptomycin     2mL 
 
Pre-warmed to 37°C before use 
 
Serum-free media 
DMEM (4.5g/L glucose, with L-glutamine)   100mL 
 
Pre-warmed to 37°C before use 
 
Differentiating growth media 
DMEM (4.5g/L glucose, with L-glutamine)   196mL 
Horse serum       2mL 
Penicillin/streptomycin     2mL 
 
Pre-warmed to 37°C before use 
 
Phosphate Buffered Saline (PBS) 
PBS tablet (Sigma)      one tablet 
ddH20        200mL 
 
Dissolve tablet in ddH20 and store solution at 0-5°C 
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7. Solutions used for the establishment of bacterial competent cells 
CAP-Buffer 
CaCl2        2.21g 
Glycerol       37.5mL 
Piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES)  0.76g 
 
Sterile water to a final volume of 250mL, adjust pH to 7.0 and store at 4°C 
 
8. Bacterial media 
LB media 
Bacto tryptone      5g 
Yeast extract       2.5g 
NaCl        5g 
 
Sterile water to a final volume of 500mL, autoclave and add appropriate antibiotic 
(Ampicillin 20mg/L, Kanamycin 5mg/L) to the media when the temperature reaches 
±55°C.   
 
LB agar plates 
Bacto tryptone      5g 
Yeast extract       2.5g 
NaCl        5g 




Sterile water to a final volume of 500mL, autoclave and add appropriate antibiotic 
(Ampicillin 20mg/L, Kanamycin 5mg/L) to the media when the temperature reaches 
±55°C prior to pouring.  Allow plates to set for 2-5 hours and store at room 
temperature for up to three weeks.   
 
9. Yeast plasmid purification solutions 
Yeast Lysis Buffer 
SDS        1% 
Triton X-100       2% 
NaCl        100mM 
Tris, pH 8       100mM  




 30.0g glycerol (analytical grade) 
 12.0g Mowiol 4-88 (e.g. Calbiochem #475904) 
 30.0mL ddH2O 
 Add 60.0mL 0.2 M Tris buffer pH 8.5 and stir overnight at room temperature 
 Heat to 50°C and stir for another hour, to dissolve the remaining Mowiol 
 Centrifuge mixture at 5000g for 15 min to remove any undissolved particles 
 Aliquot supernatant at 5mL and store at -20°C until use 
 Prior to use, add some (tip of a small spatula) anti-fading agent 
(n-propylgallate, Sigma) to 5mL of Mowiol.  Warm to 50°C for one hour and 
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invert tube frequently to dissolve anti-fading agent.  Centrifuge to sediment 
any remaining particles and to remove air bubbles.   
 The final mixture is stable for several weeks at 4°C in the dark 






CALCULATING YEAST MATING EFFICIENCIES 
 
Calculating yeast mating efficiencies (Calculations based on Clontech Manual) 
Count number of colonies on all plates with 30-300 colonies after 4 days 
 
#colony forming units (cfu)/mL            =                    cfu x 1000μL/mL 
                                                                     Volume plated (μL) x dilution factor  
 
1. Number of cfu/mL on SD-Leu plates =  viability of prey partner 
2. Number of cfu/mL on SD-Trp plates =  viability of bait partner 
3. Number of cfu/mL on SD-Leu-Trp plates =  viability of diploids 
4. Lowest number of cfu/mL of SD-Leu or SD-Trp plates indicates limiting partner 
 
5. Mating efficiency                   =                       #cfu/mL of diploid x100 
                                                                                   #cfu/mL of limiting partner 
 
Library titre 
Count number of colonies on all plates with 30-300 colonies after 4 days 
 
cfu/mL                                            =                                     #colonies  
                                                                          Plating volume (mL) x dilution factor 
 
Number of colonies screened 
#clones screened = #cfu/mL of diploids x final resuspension volume 
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Haemocytometric cell count 
A Neubauer haemocytometer (Superior, Berlin, Germany) was used to perform 
haemocytometric cell counts to determine the titre of the bait culture used in the 
library mating experiment.  A glass coverslip was placed over the counting surface 
before aliquoting the sample onto the haemocytometer.  About 50μL of a 1 in 10 
dilution of bait culture was then pipetted into one of the haemocytometer’s V-shaped 
wells.  This allowed for the area under the coverslip to fill up with the sample by 
means of capillary action.  The counting chamber was then placed under a microscope 
(Nikon TMS, Nikon Instruments, New York, USA) and the counting area was brought 
into focus under low magnification.  The number of cells in the large central quadrant 
of the haemocytometer were counted and this valve was used to calculate the number 
of cells per millilitre using the following formula: 
Number of cells/mL = number of cells x dilution factor x 10
4
 (a constant used due 









BACTERIAL STRAIN PHENOTYPE 
 
E.coli strain DH5α 
Φ 80d lacZΔM15 recA1, endA1, Gry A96 thi-1, hsdR17 supE44, relA1, deoR 
Δ(lacZYA argF)u169 
 
YEAST STRAIN PHENOTYPES 
 
S.cerevisiae strain AH109 
MATa, trp1-901, leu2-3, ura3-5, his3-200, gal4Δ, gal80Δ, LYS2::GAL1uas-
GAL1TATA-HIS3, GAL2UAS-GAL2TATA-ADE2, URA3::MEL1UAS-
MEL1TATA-lacZ 
(James et al., 1996) 
 
S.cerevisiae strain Y187 
MATα, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, met-, gal80Δ, 
URA3::GAL1UAS-GAL1TATA-lacZ 










Restriction map and multiple cloning site (MCS) of the Y2H bait vector- pGBKT7.  
A) The vector layout, the position of the kanamycin resistance gene (Kanr), TRP1 and 
GAL4-BD coding sequences, the f1 bacteriophage, yeast 2μ and pUC plasmid origins 
of replication, the T7 RNA polymerase promoter sequence, the HA epitope, the 
truncated S.cerevisiae ADH1 promoter sequence and the c-Myc epitope tag (Δ).   
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B) The nucleotide sequence of the pGBKT7 MCS.  All the restriction enzyme sites 
are indicated, the GAL4-BD coding sequence, the T7 promoter sequence, the c-Myc 
epitope tag and the vector specific primers are indicated on the sequence (Taken from 






Restriction map and multiple cloning site (MCS) of the Y2H prey vector- pACT2.   
A) The vector layout, the position of the ampicillin resistance gene (Ampr), LEU2 and 
GAL4-AD coding sequences, the yeast 2μ and pBR plasmid origins of replication, the 
T7 RNA polymerase promoter sequence, the HA epitope and the truncated 
S.cerevisiae ADH1 promoter sequence.   
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B) The nucleotide sequence of the pACT2 MCS.  All the restriction enzyme sites are 
indicated, the GAL4-AD coding sequence, the T7 promoter sequence, the HA epitope 
tag and the vector specific primers are indicated on the sequence (Taken from the 
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